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RÉSUMÉ 
L’Organisation des Nations Unies (ONU) définit le développement durable comme la capacité 
d’une génération de satisfaire ses propres besoins « sans compromettre la possibilité des 
générations suivantes de satisfaire les leurs ». Le domaine de l’électronique est marqué par la 
croissance effrénée des déchets d’équipements électriques et électroniques (DEEE) et par 
l’épuisement des ressources nécessaires à la fabrication des EEE. L’utilisation de matériaux 
organiques (constitués de carbone) naturels (biosourcés), biodégradables et traités à l’aide de 
solvants non toxiques, est alors une solution à considérer pour réduire l’empreinte écologique de 
l’électronique.     
L’eumélanine, sous-catégorie noire/marron de la mélanine (pigment omniprésent dans la faune et 
la flore), présente une absorption optique étendue sur les spectres ultraviolet (UV) et visible, une 
réponse électrique dépendante du niveau d’hydratation, des propriétés de chélation des métaux et 
de piégeage des radicaux ainsi qu’une structure moléculaire qui comporte des groupements 
fonctionnels redox.  
L’eumélanine est donc un matériau prometteur dans l’électronique organique verte. L’électronique 
organique utilise des matériaux conducteurs ou semiconducteurs à base de carbone, qui présentent 
une alternance de liaisons simples et doubles carbone-carbone (systèmes conjugués). Ces 
matériaux, outre leur flexibilité mécanique, peuvent être traités en solution. Les dispositifs à base 
de matériaux organiques se distinguent, par conséquent, par leur faible énergie intrinsèque 
(l’énergie consommée pendant leur fabrication), comparés à la majorité des dispositifs à base de 
matériaux inorganiques pour lesquels le processus de fabrication implique de hautes températures 
et des très baisses pressions (vide élevé). 
Les efforts pour rendre le développement plus durable concernent aussi les matériaux organiques 
isolants (plastiques) pour les emballages et leurs additifs nécessaires pour améliorer certaines 
propriétés telles que la stabilité thermique et l’absorption des rayons UV. 
Le cœur de cette thèse est consacré à l’étude de plusieurs propriétés fonctionnelles de l’eumélanine 
dans le cadre d’une utilisation potentielle dans les technologies liées à l’électronique organique 
verte ainsi que dans le domaine des additifs plus respectueux de l’environnent pour les plastiques.    
Le Chapitre 1 présente la mélanine, avec une attention particulière portée à l’eumélanine et ses 
propriétés. Le Chapitre 2 concerne l’état de l’art des potentielles applications de l’eumélanine qui 
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ont été prouvées dans la littérature. Les objectifs de la thèse sont énumérés dans le Chapitre 3 : 
l’étude des interfaces eumélanine/métal sous tension, l’évaluation de l’eumélanine comme additif 
pour un matériau plastique utilisé dans les emballages ainsi que l’étude de la biodégradation du 
biopigment. Le Chapitre 4 explique brièvement les techniques de caractérisation utilisées.   
Dans les Chapitres 5 et 8 de cette thèse, les interfaces entre une électrode métallique (Au, Pd, Cu, 
Ni et Fe) et une couche d’eumélanine (synthétique et naturelle) hydratée ont été étudiées en 
configuration planaire (métal/eumélanine/métal), sous tension électrique, à différents degrés 
d’humidité relative, par microscopie à force atomique, microscopie électronique à balayage et 
spectrométrie de masse des ions secondaires en temps de vol. Ces interfaces ont une importance 
primordiale dans l’électronique verte : pour bien caractériser la réponse électrique intrinsèque des 
couches d’eumélanine, la stabilité de ces interfaces est indispensable (absence de phénomènes 
électrochimiques). L’étude des interfaces entre les couches de mélanine hydratées à un degré 
d’humidité relative de 90%, avec une teneur en chlorure similaire à celle de l’eumélanine naturelle, 
et les électrodes métalliques a révélé une dissolution possible de l’électrode ainsi que la formation 
de structures conductrices qui établissent un contact entre les électrodes dans le cas de l’Au, du Pd 
et du Cu. Une teneur en chlorure plus faible et un degré d’humidité relative plus bas causent 
l’absence de dissolution pour le Pd et Cu. Dans le cas de l’or, le changement de résistivité se 
produisant lorsqu’une structure établit un contact entre les électrodes peut être modulé par 
l’humidité relative. Le Ni présent, quant à lui, une forte dissolution localisée, mais aucune structure 
conductrice établissant un contact entre les électrodes n’est visible. Les électrodes de Fe présentent 
des instabilités sur de larges portions des électrodes, sans qu’il y ait formation de structures 
établissant un contact entre les électrodes. En résumé, les électrodes de Pd et Ni peuvent être 
utilisées pour la caractérisation de la réponse électrique de l’eumélanine à un degré d’humidité 
relative inférieure à 90%. 
Dans le Chapitre 6, deux types d’eumélanine synthétiques et une naturelle ont été étudiées dans 
l’objectif d’améliorer l’absorption UV d’un copolymère commercial (éthylène-acétate de vinyle, 
EVA) utilisé dans les emballages. Avant d’être mélangée avec le polymère, l’eumélanine a subi un 
traitement chimique (Melanin Free Acid) pour augmenter sa dispersion dans le polymère et réduire 
son absorption dans le visible. De plus, les effets de l’exposition prolongée aux rayons UV ont été 
évalués par un test de vieillissement UV. Comme les polymères commerciaux incluent des additifs 
antioxydants, les effets synergétiques ou antagonistes de l’eumélanine avec l’antioxydant présent 
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dans l’EVA commercial (le butylhydroxytoluène) ont été étudiés à l’aide de l’analyse 
thermogravimétrique. L’ajout d’eumélanines synthétiques et d’eumélanine naturelle ont permis 
d’augmenter l’absorption UV du polymère commercial EVA. Toutefois, en raison de la réduction 
de la capacité à piéger les radicaux, causée par le traitement Melanin Free Acid, et de la 
génération de dérivés réactives de l'oxygène sous UVA, l’eumélanine a aussi fonctionné comme 
un photo pro-oxydant (elle a favorisé la photo-dégradation). L’optimisation du traitement chimique 
Melanin Free Acid est à considérer pour conserver la capacité de piéger les radicaux, afin que 
l’eumélanine puisse augmenter l’absorption UV et être un photo-stabilisant (empêcher la photo-
dégradation).  
Dans l’électronique, les matériaux et les dispositifs ont toujours été conçus de façon à privilégier 
leurs performances, avec peu d’attention accordée à leur devenir après utilisation. En revanche, 
dans l’électronique organique verte, la biodégradation comme possible scenario après utilisation 
est d’importance primordiale. Dans le Chapitre 7, nous avons réalisé une étude de biodégradabilité 
de l’eumélanine extraite de l’encre de seiche mélangée à du compost provenant de déchets 
municipaux, en conditions mésophiliques (25°C) et thermophiliques (compostage, 58°C). L’étude 
a aussi concerné deux matériaux synthétiques bien connus en électronique organique : la 
phtalocyanine de cuivre (Cu-PC) et le sulfure de polyphénylène (PPS). L’eumélanine a atteint un 
degré de biodégradation de 37% en conditions de compostage en 100 jours, alors que le Cu-Pc et 
PPS n’ont montré aucune biodégradation. Ce résultat a confirmé que recourir à des matériaux 
biosourcés est une option à considérer pour l’écoconception de dispositifs électroniques organiques 
biodégradables. Cependant, le seuil (90% de biodégradation en 6 mois) imposé par la norme ASTM 
D6400 (conçue pour les plastiques pour emballer et servir la nourriture) n’a pas été passé. Établir 
une norme internationale pour mesurer la biodégradabilité des matériaux de l’électronique 
organique serait primordial. Enfin, le degré presque négligeable de biodégradation de l’eumélanine 
à 25 °C (conditions similaires à un écosystème naturel) a démontré le besoin de confier les déchets 
organiques à des installations de compostage industrielles.  
Pour conclure, dans cette thèse, trois différentes facettes du biopigment eumélanine ont été 
étudiées : ses interfaces avec électrodes métalliques sous tension, son utilisation comme additif 
pour les plastiques et sa biodégradabilité. Notre travail suggère que clarifier les liens structure 
moléculaire-propriétés, ainsi que contrôler la composition chimique des matériaux biosourcés, est 
primordial pour leur intégration dans des technologies plus vertes. 
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ABSTRACT 
The United Nations define sustainability as the ability to meet one generation’s needs “without 
compromising the ability of future generations to meet their own needs”. The field of electronics 
features a dramatic increase of waste electrical and electronic equipment (WEEE) and the depletion 
of key elements necessary for EEE fabrication. The use of biodegradable organic (carbon-based) 
materials extracted from natural sources (bio-sourced) and processed with non-toxic solvents 
represents a valuable option to alleviate the environmental footprint of the electronic sector. 
Eumelanin, a dark-brown subcategory of melanins (a ubiquitous biopigment in flora and fauna), 
features broad ultraviolet-visible absorption, hydration-dependent electrical response as well as 
metal chelation, radical scavenging and redox activity. Eumelanin is a promising candidate in the 
field of green (sustainable) organic electronics. Organic (plastic) electronics is based on carbon-
based conducting and semiconducting polymers and small molecules that feature conjugation 
(alternance of single and double carbon-carbon bonds) in their molecular structure. In addition of 
being mechanically flexible, devices based on organic electronic materials can be solution-
processable and thus stand for their lower embodied energy (i.e. “energy spent in the production 
phase and stored in the inner constituents”) with respect to most inorganic ones, which are 
processed at high-temperature and under high-vacuum conditions. 
Sustainability is an issue also in the field of (non-conducting) plastics for packaging, where it 
concerns not only the packaging polymers but also the additives needed to enhance certain 
properties, such as thermal stability or ultraviolet (UV) radiation absorption. 
The core of this PhD thesis is devoted to the study of a number of functional properties of 
eumelanin in view of its use in sustainable organic electronic technologies as well as a greener 
additive for plastic packaging.  
Chapter 1 gives an overview on melanins, with a focus on the subcategory eumelanin and its 
properties. Chapter 2 provides a review of the state of the art of the potential applications of 
eumelanin demonstrated in the literature. Chapter 3 details the targets of the research: the 
investigation of eumelanin-metal interfaces under bias, the study of eumelanin as an additive for 
plastics and the assessment of eumelanin’s biodegradability. Chapter 4 briefly explains the 
characterization techniques used. 
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Chapters 5 and 8 of this thesis deal with interfaces between metal electrodes (Au, Pd, Cu, Ni and 
Fe) and hydrated films of different types of eumelanin (synthetic and natural). These interfaces are 
of paramount importance for applications in green electronics: the proper characterization of the 
intrinsic electrical response of eumelanin films requires indeed interface stability (absence of 
electrochemical processes). The metal/melanin interfaces were investigated in planar configuration 
(metal/eumelanin/metal), at different RH (relative humidity) levels, by atomic force microscopy 
(AFM), scanning electron microscopy (SEM) and time-of-flight secondary ion mass spectrometry 
(ToF-SIMS), after transient current measurements. We found that electrode dissolution and 
formation bridging structures take place at the interface with eumelanin films, with a chloride 
content similar to natural eumelanin, and hydrated at 90% RH, in the case of Au, Pd and Cu 
electrodes. Reducing the RH level and chloride content rules out the occurrence of dissolution for 
Pd and Cu. For Au, varying the RH level allows to modulate the change in resistivity that takes 
place when bridging structures connect one electrode to the other. Ni presented only very localized 
dissolution, with no formation of bridging structures. Fe presented instabilities over large sections 
of the electrodes, with no formation of bridging structures. All in all, Pd and Ni electrodes can be 
used for the characterization of eumelanin’s electrical response, for RH levels lower than 90%.   
In Chapter 6, synthetic as well as natural eumelanins were investigated as UV absorption enhancers 
of a commercial grade packaging polymer (ethylene-vinyl acetate copolymer, EVA). Prior to melt 
compounding with the polymer, eumelanin underwent the Melanin Free Acid (MFA) treatment to 
improve its dispersion in the polymer matrix and reduce its visible absorption.  The effect of long-
term UV exposure was evaluated by means of a UV-aging test. As commercial grade polymers 
contain anti-oxidants, possible synergistic or antagonistic effects between eumelanin and the anti-
oxidant present in the commercial grade EVA (butylated hydroxytoluene) were studied using 
thermogravimetric analysis (TGA).  Both synthetic and natural eumelanin proved to work as UV-
absorption enhancers for the commercial grade EVA. However, due the reduced radical scavenging 
ability related the MFA treatment concomitant to reactive oxygen species (ROS) production under 
UVA irradiation, eumelanin also worked as a photo-prooxidant (i.e. favoring photodegradation). 
The optimization of the MFA treatment has to be envisaged, to keep the radical scavenging 
properties of eumelanin, so that it can work as UV-absorption enhancer and photostabilizer (i.e. 
hindering photodegradation). 
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In the field of electronics, materials and devices have been designed, so far, focusing mainly on the 
performance, with limited attention to the scenarios after service (end of life). As opposed to that, 
green organic electronics puts great emphasis on one of the possible end-of-life scenarios of 
materials and devices, i.e. biodegradation. In Chapter 7 we conducted a biodegradability study of 
eumelanin extracted from cuttlefish ink (Sepia Melanin) blended with compost from municipal 
waste, both under mesophilic (25 °C) and thermophilic (composting, 58 °C) conditions. The 
investigation under composting conditions was extended to two well-investigated synthetic organic 
electronic materials, copper (II) phthalocyanine (Cu-Pc) and poly(p-phenylensulphide) (PPS). 
Eumelanin reached a level of biodegradation of 37% in composting conditions in 100 days, 
strikingly higher than Cu-Pc and PPS, that showed no biodegradation. This result confirmed that 
recurring to bio-sourced materials can be a valuable option to eco-design biodegradable organic 
electronic devices. However, the threshold (90% in 6 months) set by the standard ASTM D6400 
(that addresses plastics for packaging and food serving) was not passed. It would be paramount to 
have an international protocol to assess the biodegradability of organic electronic materials. The 
low level of biodegradation at 25 °C (conditions similar to a natural ecosystem) highlighted the 
need of sending organic waste to industrial composting facilities. 
In conclusion, in this thesis, three different aspects of the biopigment eumelanin were investigated: 
metal/eumelanin interfaces under bias, its use as an additive for plastics and its biodegradability. 
Our work confirmed that elucidating the molecular structure-property relationship of bio-sourced 
materials and controlling their chemical composition (after extraction from natural sources) is 
paramount for their integration in greener technologies. 
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1 
 INTRODUCTION 
In our daily life, we might have already noticed black spots on moldy bread, black incrustations on 
shower curtains, dark parts of banana peels or the different complexations of human skin: in all 
such occasions, we came across melanin, a vast category of natural pigments [1], [2]. Even 
melanin’s absence cannot pass unnoticed: albino animals have fascinated humans for centuries [3]. 
Melanins are biopigments present in humans, animals, plants and microorganisms, such as fungi 
and bacteria [2].   
1.1 Classification 
The first scientist to use the term melanin was the Swedish chemist Berzelius, in 1840, referring to 
black animal pigments [4]. The first classification categorized melanins based on the living beings 
where they could be found [5]: (i) eumelanin (from ancient Greek εὖ=well and μέλας=black) and 
pheomelanins (from ancient Greek φαιός=dusky, grey) present in humans and animals; (ii) 
allomelanins, present in plants and microorganisms.  
The second classification, however, puts more emphasis on the chemistry of the pigments [2]. 
Melanins are “pigments of diverse structure and origin derived by the oxidation and polymerization 
of tyrosine in animals or phenolic compounds in lower organisms” (Figure 1.1, A) [2]. Several 
subgroups can be identified: 
1. Eumelanins are “a black-brown subclass of insoluble melanin pigments derived at least in 
part from the oxidative polymerization of L-3-(3,4-dihydroxyphenyl)-alanine (L-dopa) 
from 5-6 dihydroxyindole (DHI) intermediates” [2] (Figure 1.1, B-D).  
2. The term pheomelanins denotes a yellow to reddish-brown subgroup of melanin pigments 
containing sulfur. They are alkali-soluble, obtained from the oxidation of cysteinyl-dopa 
precursors (Figure 1.1, E) [2]. Their building blocks are benzothiazine and benzothiazole 
(Figure 1.1, F-G) [6]. 
3. The dark pigment neuromelanin (NM) forms from the oxidation of dopamine and other 
catecholamine1 precursors within neurons [2] (Figure 1.1, H).  
                                                 
1 Catecholamine = an amine covalently bonded to a benzene with two hydroxyl side groups at carbons 1 and 2.  
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4. Pyomelanins are “dark pigments produced by microorganisms mainly, but not exclusively, 
from 2,5-dihydroxyphenyl-acetate (homogentisate)” [2] (Figure 1.1, I).  
Eumelanin, the type of melanin most studied by materials scientists, is the focus of this thesis. 
 
 
Figure 1.1: (A) 4-hydroxyphenylalanine, tyrosine; (B) L-3-(3,4-dihydroxyphenyl)-alanine, L-
dopa; (C) 5-6 dihydroxyindole, DHI; (D) 5,6-dihydroxyindole-2-carboxylic acid, DHICA; (E) 
cynsteinyl-dopa; (F) benzothiazine; (G) benzothiazole; (H) 3,4-dihydroxyphenethylamine, 
dopamine; (I) homogentisic acid, (2,5-Dihydroxyphenyl)acetic acid); (L) 1,8-
dihydroxynaphthalene, DHN.  
1.2 Eumelanin 
1.2.1 Eumelanin in the Biosphere 
In vertebrates, eumelanins can be found in the epidermis, in the eyes, in the hairs, as well as in 
several internal parts of the body (spleen, liver, kidney, inner ear, lung, connective tissues, heart, 
peritoneum, muscles) [7] (Figure 1.2). NM is present in the brain of humans and large primates [8] 
(Figure 1.2).  
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Figure 1.2 Localization and function of melanins in vertebrates. Reprinted with permission from 
Ref. [7]. 
 
Eumelanin can be found in invertebrates, too: cephalopods eject black ink to escape from predators. 
The black color is due to the presence of eumelanin. One of the most studied natural eumelanins is 
indeed Sepia Melanin, extracted from the ink sac of the cephalopod Sepia officinalis (cuttlefish) 
[9]. 
1.2.2 Skin Complexations  
As melanins are the only pigments to be endogenously synthesized in humans (apart from 
hemoglobin), eumelanin synthesis has become synonym of pigmentation [10]. Melanogenesis in 
human epidermis is controlled by a very complex regulatory system [11]. Eumelanin in humans’ 
epidermis blocks harmful ultraviolet (UV) radiation that can cause damage to the DNA as well as 
skin cancer and mitigates the effects of the radicals formed because of UV light [12]. However, the 
syntheses of the vitamin D3 and some endorphins are mediated by UV light, so that a minimum 
amount of UV radiation is beneficial for the human body [12]. Consequently, depending on the 
4 
latitude (i.e. on the exposure to UV radiation), the human body developed an amount of eumelanin 
in the skin that is a trade-off between the need to block harmful UV radiation from one side, and, 
from the other, the need to absorb some UV radiation in the skin to promote the aforementioned 
photo-mediated syntheses. This trade-off explains why humans living at different latitudes 
developed differently pigmented skins: from eumelanin-rich pigmentations near the Equator (high 
levels of UV radiation exposure) to eumelanin-devoid skins outside of tropical latitudes (low levels 
of UV radiation exposure) [1]. As early as the IV century BC, Aristotle and his followers in their 
“climatic theory” had already mentioned an association between dark skin pigmentation with 
intense sunshine and heat [1]. 
1.2.3 Synthetic Pathways and Redox Forms 
In humans, eumelanin is synthesized in specialized organelles of the cytoplasm (melanosomes), 
belonging to cells known as melanocytes [13]. Eumelanin’s precursor is tyrosine (Figure 1.1, A), 
an amino acid. During eumelanin biosynthesis, tyrosine is oxidized to dopaquinone by the enzyme 
tyrosinase. From the intramolecular cyclization of dopaquinone, cyclodopa is formed which, 
following redox exchange with dopaquinone itself, produces dopachrome and L-dopa (Figure 1.1, 
B). This latter can be further enzymatically oxidized to dopaquinone (Figure 1.3).  
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Figure 1.3 Biosynthetic pathway of eumelanin. Reprinted with permission from Ref. [14]. 
 
In presence of the enzyme dopachrome tautomerase (also known as tyrosine-related protein 2, 
Tyrp2), dopachrome isomerizes to DHICA (5,6-dihydroxyindole-2-carboxylic acid, Figure 1.1, D). 
In absence of enzymatic assistance, a spontaneous decarboxylation takes place to give DHI (5-6 
dihydroxyindole) [15], [16] (Figure 1.1, C). The building blocks of eumelanin are thus DHI and 
DHICA [2]. 
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Isolation of natural eumelanins has proven to be a challenging task [17]; nonetheless, it is possible 
to mimic their formation by synthetic procedures in vitro [18]. The oxidative polymerization of 
synthetic melanins does not stop until monomers are still available: already-polymerized eumelanin 
is always able to integrate in its structure new monomers, thus it acts as a “living bio-polymer” 
[19].  
As early as in 1939, Figge reported about the redox properties of eumelanin as a natural reversible 
oxidation-reduction system and an intracellular redox indicator dye (i.e., its change in color 
indicates whether redox reactions related to certain enzymes’ activity took place) [20]. Eumelanin 
was demonstrated to be an efficient electron transfer agent in various reduction-oxidation systems 
[21]. DHI and DHICA are indeed catecholic subunits, that can be reversibly oxidized into the 
corresponding orto(o)-quinone forms in two processes of one-electron one-proton removal process 
[22], [23]. Various redox forms of the building blocks coexist in eumelanin [24] (Figure 1.4).  
 
Figure 1.4 Redox forms of eumelanin’s building blocks, R=H for DHI and R=COOH for 
DHICA. Reprinted with permission (granted by co-authorship) from Ref. [25].  
1.2.4 Supramolecular Structure 
The supramolecular buildup of eumelanin largely determines its properties. Its monomers (DHI 
and DHICA) form oligomers of up to a few tens of monomers [26]–[31]. The oligomers stack one 
on the other via π-π stacking; the characteristic d-spacing is of 3.4 Å [26]–[31]. The oligomeric 
sheets form protoparticles. Such protoparticles then arrange in an onion-like structure and densify 
into spherical particles and finally undergo aggregation in larger spherical particles [32]. 




Figure 1.5 Supramolecular buildup of eumelanin. Reprinted with permission (granted by Creative 
Commons Attribution License of Open Access) from Ref. [32]. 
 
Molecular dynamics simulations and first-principles density-functional theory (DFT) calculations 
were recently used by Antidormi et al. to simulate the polymerization of DHI and DHICA in 
methanol. Such a work confirmed that the oligomer size of 10 units is the most likely to occur for 
eumelanin [34]. To gain more insights into eumelanin polymerization, a bottom-up approach was 
adopted by De Marchi et al. They studied the self-assembled monolayer networks of DHI and 
DHICA on Au and Ag surfaces using scanning tunneling microscopy (STM) [35], [36].  
It was also demonstrated that the supramolecular buildup can be stopped at each level by enzymatic 
oxidation in vitro [37]. Cations and small molecules are able to influence the supramolecular 
aggregation of eumelanin [38]. Belitsky et al. recently investigated the ability of small molecules 
to influence aggregation of dopa-melanin during its polymerization and aggregation (measured 
considering the acceleration or delay in the appearance of macroscopic particles) [38].  
1.3 Other Types of Melanin 
1.3.1 Pheomelanin 
In presence of cysteine, tyrosine oxidation leads to the formation of pheomelanin. A weakly acidic 
pH in melanosomes renders pheomelanogenesis favored over eumelanogenesis. Not only red hairs, 
but also black and brown hairs contain pheomelanin [39]. The ratio of eumelanin/pheomelanin in 
hairs can be measured by electron spin resonance [40]. 
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Pheomelanin has poor photoprotective properties compared to eumelanin [41]. It acts as 
photosensitizer, generating reactive oxygen species (ROS) upon UV irradiation [41], [42].  
1.3.2 Neuromelanin 
Neuromelanin is present only in the brain of humans and large primates. This complicates the ethics 
of procurement, so that Sepia Melanin is used as a NM simulant [8], [43]. In humans, NM piles up 
within the dopaminergic neurons of the substantia nigra and in the neurons of the locus coeruleus 
of the brain [44]. NM is largely depleted in patients with Parkinson’s disease through a selective 
loss of NM-containing neurons, suggesting that NM may be involved in the neurodegenerative 
processes of Parkinson’s disease [45]. In Parkinsonian brains, after neuronal death, NM is released 
in the extracellular environment. As it is insoluble, it can remain for a long time acting as a pro-
inflammatory stimulus leading to further neuronal damage [44]. NM may have both a beneficial 
and a detrimental role (Figure 1.6). An example of the beneficial role is the chelation of iron and 
other potentially toxic metals with formation of non-redox active species as well as the binding of 
environmental toxins, such as pesticides. The detrimental role can occur, for example, when high 
iron levels are present. In such a scenario, NM accumulates iron in low affinity binding sites where 
iron remains redox active [44], [46].  
 
Figure 1.6 The dual role of NM. Reprinted with permission from Ref. [44]. 
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1.3.3 Melanins in Insects, Microorganisms and Plants 
Melanins are present in insects, too, where they play several roles: wound healing, defense 
reactions, cuticular coloration, and camouflage. Melanins in insects originate from dopamine, 
hence the term dopamine-melanin [47]. 
The building block of most (but not all [48], [49]) fungal melanins is DHN, 1,8-
dihydroxynaphthalene (often referred to as DHN-melanin)2 (Figure 1.1, L) [6]. Melanins in fungi 
are located in the cell walls or secreted into the environment, while eumelanins in animals are 
synthesized and maintained almost entirely as melanosomes as well as granules within melanocytes 
[50]. In fungi, melanins provide mechanical strength and chemical resistance to the cell, protection 
against the detrimental effects of UV radiation, high concentrations of salts and heavy metals [51]. 
They also allow fungi to tolerate extreme conditions, from the Earth’s poles to deserts [52]. The 
exposure of certain fungi to gamma rays lead to increased production of melanin [53]. Melanized 
fungi have been found in Chernobyl’s reactors, responding to ionizing radiation with enhanced 
growth [54]. Such a response lead to the intriguing hypothesis that fungal melanin is able to 
transduce radiation into metabolic energy in a sort of radiotropism [54].  In pathogenic fungi, 
melanin contributes to virulence, promoting tissue invasion and inactivation of the plant defense 
system [55].  Lately, interest in the electrical conductivity of fungal melanin has grown, too [56]. 
Fungi have been studied for the production of melanin from food or agricultural waste, such as 
wheat extracts [57]–[60]. However, in such cases, the pigment extraction from cell walls proved to 
be cumbersome. Recently, Ribera et al. demonstrated a scalable method to obtain eumelanin from 
a fungus that secretes the pigment in the surrounding liquid environment, thus facilitating its 
extraction [61].  
Bacteria associated with darkly pigmented sponges [62] and other bacteria [63] have been studied 
as a source of melanin, too.  
                                                 
2 Fungi: “Eukaryotic microorganisms of the kingdom Fungi, that possess cell walls and lack chlorophyll. Some species 
are pathogens of humans, animals and plants. Certain fungi are used commercially (e.g. in the production of enzymes 
and fermented foods).” [529] 
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Melanins extracted from plants are also based on oligomers: their building blocks can be either 
conventional eumelanin-like indoles [64] or phenolic units (such as p-cumaric acid for black oat 
hull [65]). Natural melanins in plants contribute to the defense mechanisms against pathogens and 
to the strengthening of the cell walls [65]. Melanin can be extracted from waste such as sunflower 
husk [66], flesh fruit [67] and fruit kernel skin [68].  
1.4 Physical and Chemical Properties of Eumelanin 
Eumelanin presents a vast set of properties such as UV-visible absorption, radical scavenging, 
hydration dependent electrical conduction [69], and metal ion chelation [70].  
In a biological environment, an anti-oxidant can be defined as ‘‘any substance that, when present 
at low concentrations compared to that of an oxidizable substrate, would significantly delay or 
prevent oxidation of that substrate”: radical scavengers, metal ion chelators and reducing agents 
fall within this definition [71]–[73]. Consequently, eumelanin is often defined as an anti-oxidant 
[69]. 
Eumelanin is available from natural sources and environmentally-friendly extraction routes (e.g. 
from natural fibers, such as fleece from alpaca [74]): eumelanin is therefore considered a carbon-
based bio-sourced material.  
1.4.1 UV-visible Absorption and Photoprotection 
Eumelanin presents a featureless UV-visible absorption spectrum (Figure 1.7), in virtue of which 
it plays the role of photoprotector [75]. If there had been any gaps in the spectrum, the living 
organisms deploying eumelanin for protection against UV-radiation would have been left 
vulnerable to these specific wavelengths of the sun’s radiation [76]. 
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Figure 1.7 Absorbance spectra of synthetic dopa-melanin in water, pH 7 (dotted line) and in 
dimethyl formamide (dashed line), 0.005% (w/w). Reprinted with permission from Ref. [27].  
 
The main photoprotection path entails that eumelanin converts the energy of the photons into heat 
(rotational and vibrational energy), in the so called “photothermal effect” (which is the main 
contribution of the “photoacoustic effect”, so that eumelanin is often defined to have 
“photoacoustic properties”) [77], [78]. Such a property is not affected by temperature until 80 °C 
[79]. 
The featureless absorption spectrum of eumelanins has been explained with the chemical disorder 
model. According to this model, eumelanin is constituted of several chemically distinct species, 
i.e. oligomers that differ by number of monomers, type of monomers and polymerization sites. Its 
broadband absorption spectrum would thus result from the averaging over the spectra of these 
species (superposition principle) [75]. The inconsistencies of such a model were summarized in a 
recent study by Chen et al. [76]. Inter alia, the chemical disorder model did not explain the reason 
for the monotonic increase of the spectrum toward lower wavelengths [76]. Furthermore, 
interactions among eumelanin oligomers can significantly affect the spectrum so that the 
superposition principle does not hold [80].  The work by Chen et al. does not stress the focus on 
the chemical heterogeneity but rather on the geometric disorder: the stacked eumelanin oligomers 
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differ by size and are randomly oriented, so that peculiar excitonic interactions take place among 
them [76]. 
The ratio DHI/DHICA monomers in eumelanin dramatically influences light absorption (as well 
as other properties such as paramagnetic and redox behavior, particle morphology, surface 
properties and metal chelation) [81]. These differences can be understood studying synthetic 
eumelanins made up of only one of the two monomers, DHI-melanin and DHICA-melanin. The 
oligomers of DHI-melanin are planar, with a high level of stacking and inter-unit π-conjugation. 
DHICA features carboxyl groups that cause steric hindrance, so that DHICA forms non-planar 
oligomers, with limited inter-unit π-conjugation [18]. The negative charge of the deprotonated 
carboxyl groups can further limit efficient stacking, so that rod-shaped assemblies form [77] 
(Figure 1.8). 
 
Figure 1.8 Differences in structure and properties between DHI-melanin and DHICA-melanin. 
Reprinted with permission from Ref. [77]. 
 
In general, stacking increases the visible absorption [80], so that a higher content in DHICA 
decreases visible absorption [81], [82]. The light absorbing properties and redox behavior are 
intimately connected: it has been suggested that the nonradiative decay processes of DHI can lead 
to DHI in a different oxidation state [83].  
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1.4.2 Binding of Metals and Organic Compounds 
In the fields of dermatology, materials chemistry and physics many scientists have advanced 
arguments that melanin does not play a merely pigmentary role [84]. Eumelanin can bind both 
organic compounds [85], [86] and metal ions [70], [87]. The binding capacity of melanin towards 
metal ions is large but finite [88]: it depends on the cation, on the pH and on the binding site [89]. 
When eumelanin binds reactive metals, it mitigates their potential role in inducing oxidative stress 
[70]. A detailed literature review concerning the binding of eumelanin towards metal ions is 
provided in Article 5 [89]. 
1.4.3 Radical Scavenging 
Eumelanin is a radical scavenger3 [69] and its redox state determines its radical scavenging ability. 
Eumelanin must be in a reduced state to donate electrons to scavenge oxidative radicals or must be 
oxidized to receive electrons from reductive radicals [90].  
Eumelanin’s photoprotective role is strongly related to the radical scavenging properties. In 
particular, it has been suggested that the reactive oxygen species (ROS) generated as an 
inflammatory response to UV radiation may be scavenged by eumelanin [91].  
However, eumelanin itself, under UV irradiation, can form ROS [92]–[94], thus explaining the 
dichotomous role (photoprotective and photodamaging) played by its light-absorbing properties 
[95], [96]. The factors that determine whether the photoprotective or photodamaging effect of the 
UV-visible absorption properties prevails are the radiation wavelength [78], [84], the UV exposure 
time [97], [98] and the pigment’s aggregation [99], [100]. 
It has been suggested that the main photoprotective mechanism, the photothermal conversion, may 
take place at long wavelengths, i.e. UVB, i.e. 280–320 nm, UVA, i.e. 320–400 nm and visible [78]. 
Conversely, at short wavelengths (UVC, i.e. 220–280 nm) eumelanin may become cytotoxic by 
generating radicals [84]. 
                                                 
3 A radical is a molecular entity with an unpaired electron; in this thesis, the term “free radical”, belonging to an old 
nomenclature, but still sometimes used in the literature, will be avoided, following IUPAC recommendations [530].    
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In the human eye, eumelanin has a supportive role in the visual process: it reduces intraocular light 
scatter [101]. However, a prolonged exposure to UVA could lead to its photodegradation and 
photoaging [92], with the loss of its radical scavenging abilities [102], [103]. In that case, 
eumelanin of the retinal pigment epithelium (RPE) can even become an efficient pro-oxidant [97].  
It was proved that small particles of natural eumelanin are involved in UVA-induced 
photochemical processes that can lead to the DNA damage in skin cells [104]. Conversely, large 
particles efficiently dissipate UVA energy through the nonradiative decay processes (the 
aforementioned photothermal conversion). It is thus clear that aggregation limits ROS 
photoproduction related to UV irradiation, suggesting that the aggregation of the biopigment and 
the integrity of melanosomes in tissues is another factor determining whether the photoprotective 
or the photodamaging behavior prevails in nature [99], [100].  
The radical scavenging property, too, is influenced by the DHI/DHICA ratio [81]. In DHICA-
melanin, relatively homogeneous radical species, spatially confined within restricted segments of 
the polymers, are present  [81]. On the contrary, DHI-melanin is characterized by a large variety 
of radical species that could be generated within the delocalized π-electron systems [81]. DHICA-
melanin was also found to be a more efficient hydroxyl radical-scavenger: its aggregates would 
indeed be more accessible to radicals compared to compact π-π stacked DHI-melanin [81]. 
Recently, the ability to scavenge radicals by natural and synthetic eumelanins, as well as by their 
precursors DHI and DHICA, has been quantified [105]. Such ability is higher in the monomers 
with respect to synthetic DHICA-melanin and DHI-melanin, as polymerization involves the 
oxidation of some building blocks from the catechol to the quinone form, reducing the amount of 
OH groups involved in radical scavenging [105]. In agreement with the literature, DHICA-melanin 
proved to have superior radical scavenging than DHI-melanin, as explained above [105]. 
Furthermore, it was proved by Agapito and Cabral that the enthalpy of formation of the OH· radical 
from the hydroxyl groups of catechol subunits is lower in the DHI monomer than in DHICA. The 
lower “energetic cost” for OH· formation in DHI than in DHICA could potentially explain why 
DHI-melanin features superior ROS generation rates than DHICA-melanin [42]. 
The differences in ROS generation between DHI and DHICA could also tentatively explain why 
nature “opts” for an enzymatically-controlled pathway to DHICA instead of leveraging on the 
spontaneous, biologically “low cost” process of DHI formation  (Figure 1.3) [81]. 
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1.4.4 Electrical Properties 
Eumelanin is one of the first biomaterials whose electrical properties have been investigated [106]. 
Eumelanin’s electrical conductivity ranges from 10-3 S cm-1 in the fully hydrated state to 10-8 S cm-
1 in the dehydrated state [107], [108].  
It was defined a “mixed semiconductor” in 1970 by Powell and Rosenberg, with a proton to 
electron ratio of ≈1:2: the experiment was carried out on synthetic melanin (dopa-melanin) 
powders, placed in a sandwich cell made of platinum foil and such a ratio did not change in the 
hydration range 10 – 35% wt.  [106]. Bistable switching behavior depending on eumelanin’s 
hydration was reported by McGinness et al. in 1974 [109], leading to the definition of eumelanin 
as an amorphous semiconductor. The investigation of the parameters related to the amorphous 
semiconductor model followed: optical band gap [110], band structure and charge carrier density 
[111], [112].  
In 2012, a new model was suggested: a hydration-dependent electronic–ionic conduction [113]. 
The comproportionation equilibrium, already known since the 70s [22] (Figure 1.9), was used to 
explain the conductivity increase with the amount of water. The presence of two indole moieties 
in different oxidation states (catechol and quinone) together with adsorbed water would bring about 
the (thermodynamically favorable) generation of semiquinone moieties and protons, responsible 
for the doping of electrons and ions into the system (Figure 1.9) [113]. 
 
Figure 1.9 Comproportionation equilibrium. Reprinted with permission (granted by 
noncommercial educational use) from Ref. [113]. 
 
Further experiments involving D2O (heavy water, an oxide of the hydrogen isotope deuterium), in 
presence of which the forward reaction of Figure 1.9 is more favored than the backward one, were 
provided to corroborate such model [114].   
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However, the same authors who postulated the hybrid electronic–ionic conduction theory very 
recently demonstrated that the main component of eumelanin’s hydration dependent conductivity 
is actually protonic [115].  
Other important properties are photoconductivity [110], [113], [116]–[118] and permanent 
paramagnetism [119]. The photoconductivity of eumelanin has been explained within the frame of 
the comproportionation equilibrium, too [120]. DHI-melanin was recently demonstrated to be a 
photocatalytic material, capable of reducing oxygen to hydrogen peroxide upon irradiation [121]. 
1.4.5 Other Proprieties of Eumelanin 
Eumelanin is hydrophilic [122]: Sepia Melanin can absorb an amount of water equal to its mass in 
a water vapor saturated environment in 24 hours [123]. Studies on the water sorption of synthetic 
melanin (dopa-melanin) thin films, exposed at different vapor pressures of H2O and D2O, revealed 
that water is taken up thoroughly through the films [124]. 
Eumelanin is biocompatible [125] and bioresorbable [126]. Tyrosine-melanin implants in vivo 
located nearby a peripheral nerve tissue caused a foreign body response similar to silicone and 
were almost fully eroded and bioresorbed after 8 weeks [126].  
1.5 Context of the Investigation: Green electronics, Compostability 
and Additives for Packaging 
1.5.1 Organic Electronics, Bioelectronics and Green Electronics 
Electronics have become indispensable in our daily routine. A great part of the electronic 
equipment that surrounds us belongs to what is known as conventional electronics, based on 
inorganic materials such as silicon and gallium arsenide [127].  
However, with the life of the electric and electronic equipment becoming shorter and shorter, two 
major issues arise for both the scientific community and municipalities: the increasing amount of 
Waste of Electrical and Electronic Equipment (WEEE) and the depletion of natural resources [127], 
[128]. The United Nations define sustainability as the ability of satisfying one generation’s needs 
“without compromising the ability of future generations to meet their own needs” [129]. It is thus 
evident that the electronics sector lacks sustainability, at least so far [127]. Consequently, great 
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attention has been given to green (sustainable) electronics in the last years, having as core values 
(i) the use of abundant and low-cost precursors, (ii) the use of biodegradable materials, leveraging 
on processing routes that (iii) lack toxic solvents as well as toxic waste and (iv) are low cost. 
Sustainable electronics envisages devices with low embodied energy, i.e. “energy spent in the 
production phase and stored in the inner constituents” [128]. 
Organic electronics is based on organic (carbon-based) materials as the core semiconductor 
element. Such materials, polymers or small molecules, are characterized by conjugation, i.e. 
alternance of single and double carbon-carbon bonds. Organic electronics features solution 
processability, printability and tunable optical and electronic properties with chemical synthesis 
[130]. The feature of being solution-processable (printable) adds to organic electronic devices the 
further advantage of lower embodied energy with respect to their inorganic counterparts, that are 
processed by high-vacuum and high-temperature techniques [128]. 
Organic bioelectronics is a branch of organic electronics, which has the specific aims of 
“implementing biocompatible materials in different electronic architectures at the interface with 
living tissues” [131]. The main challenge of organic bioelectronics is to transduce signals between 
biology, featuring predominantly ionic signals, and semiconductors electronics, featuring 
electronic signals [132]. 
1.5.2 Electrochemical Metallization Memory Cells: towards Green Electronics 
Electrochemical metallization memory cells (ECMs), also known as conductive bridge random 
access memories [133],  belong to Resistive Random Access Memories (ReRAMs) [134], a 
subgroup of non-volatile memories, NVM [135]. ECM working mechanism entails the formation, 
under bias, of conductive filaments. As the active electrode dissolves, cations migrate through a 
solid electrolyte (ion conductor) and accumulate on the counter electrode (CE), where the 
conductive bridge starts growing [135]. Once the filament grows over the entire inter-electrode 
distance, it connects one electrode to the other, causing the system’s resistivity to plummet [135]. 
The advantages of ReRAMs are good reliability [133], low power consumption [134], [136]–[138], 
fast response time [133], [136], multilevel data storage [133], [136], [139], and high density [134]. 
Albeit initially constituted entirely of inorganic materials, ECMs have witnessed the use of organic 
synthetic materials for the ion conductive layer since 2011 [140]. The use of natural (bio-sourced) 
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organic materials ensued in the last few years [141]. Organic and polymeric switching memories 
feature flexibility [142]–[148], optical transparency [144], printability  [142], [149], electrical and 
physical properties tunable by means of molecular design and chemical synthesis [150], [151], 
which provide a potential for high density memory applications [135], [152].  Conductive bridge 
memories have been obtained using conductive polymers well-established in the field of organic 
electronics, polymers loaded with salts, small molecules and dyes [153]–[160]. 
Interest regarding biomaterials and bio-sourced materials for memories (Bio-ReRAMs) has 
increased, too [141]. Examples of natural materials used as ion conductors in ECMs are: dead 
leaves [161], lignin loaded with Au nanoparticles [162], eggshells [163], pectin extracted from 
orange peels [164], a DNA-based biomaterial [165], [166], electro-spun cellulose fibers [167], 
nano-cellulose [168], gelatin [169], [170], Aloe vera gel [171], [172], chicken [173] and duck [174] 
egg albumen, silk fibroin [175]–[179], glucose [180] and carrageenan, a polysaccharide from 
seaweeds [181]. Natural materials investigated as dielectrics for ECMs are chicken egg albumen 
[182], gelatin [183] and human hair keratin [184]. Further examples of biomaterials for Bio-
ReRAMs can be found in the review by Raeis-Hosseini and Lee [141]. 
1.5.3 Biodegradation as an Option for Waste Disposal 
At the end of life of materials, their biodegradability plays a key role in the challenge to achieve 
sustainability [127], [185]. Biodegradation is “the metabolic breakdown of materials into simpler 
components by living organisms” [186].  When a material is defined biodegradable, the conditions 
and the time range have to be specified, too [187].  
In municipal waste management, composting (aerobic biodegradation, i.e. in presence of O2) has 
been identified as a valuable disposal pathway [188]. During composting, the temperature is of ~ 
60 °C is reached because of the microbial activity [189]. The ultimate end products of composting 
are CO2, minerals and water [187]. Composting has several advantages, such as reducing the 
volume of waste for landfilling and incineration, avoiding methane production and release in the 
atmosphere (differently from anaerobic biodegradation) and providing a product that can be used 
for crop growth. Standard test methods have been developed for plastic materials used for food 
packaging and serving in order to evaluate their compostability, that is, biodegradability in 
composting conditions (e.g. CAN/BNQ 0017-088/2010 in Canada, ASTM D5338 and ASTM 
D6400 in the USA, EN 13432 and EN 14995 in the European Union as well as ISO 14855-1:2005). 
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Examples of compostable materials are polylactic acid (PLA) and poly-ε-caprolactone (PCL) 
[190]. It is worthy of note that bio-based material does not necessarily imply biodegradability: for 
example,  poly-ε-caprolactone is petroleum-based and biodegradable while nylon 11 is bio-based 
but not biodegradable [191]. 
1.5.4 Additives for Packaging 
Stabilizers are needed in plastic polymers since UV radiation, heat and oxygen cause their physical 
and chemical degradation during processing and service [192].   
During a prolonged exposure of plastics to UV light, radicals form, that, in presence of oxygen 
bring about photo-oxidative degradation [193], [194]. Furthermore, when dealing with plastic 
polymers for packaging applications, screening UV-radiation is crucial in order to mitigate damage 
on the material wrapped by the packaging (e.g. food) in the storage or end-use environments [193]. 
Consequently, UV absorbers are added to plastics, in order to enhance their UV-absorption and 
photostability [193]. 
In addition, plastics are exposed, during processing, to both heat and oxygen that can cause thermo-
oxidative degradation. The additives used in this case are anti-oxidants for thermo-oxidative 
stabilization [193].  
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 LITERATURE REVIEW 
2.1 Organic Electronics Applications of Eumelanin 
Given the molecular properties of eumelanin, the pigment has been considered for organic 
electronic applications [195].  
Filmability (i.e. high thin film stability) is a key factor for the use of eumelanin in organic 
electronics. The insolubility of eumelanin has rendered not only the investigation of its physico-
chemical properties but also its processability in thin film form complex. Great efforts have been 
made towards the achievement of stable eumelanin thin films in the last decade [107]. Recently, 
the deposition by spin coating of homogeneous films from eumelanin suspensions in dimethyl 
sulfoxide (DMSO) has been demonstrated, with a surface roughness below 0.5 nm [196].  
Apart from thin films, DHI-melanin was also fabricated in nano- and micro-tubes, by 
polymerization on electrospun poly(lactic acid) (PLA) fibers, eventually removed by organic 
solvent treatment. Such microtubular structures have potential applications in microfluidics and 
drug delivery [197].   
An electrode based on DHI-melanin and commercial poly(3,4-ethylenedioxythiophene) with 
poly(styrenesulfonate) (PEDOT:PSS) was developed featuring (i) higher water stability and 
substrate adhesion with respect to a blank PEDOT:PSS film, thanks to eumelanin (ii) conductivity 
of the same order of magnitude of PEDOT:PSS (370 S/cm) (iii) optical transmittance of nearly 
80%–90% in the range 400–600 nm. The electrode was used as an anode in an organic light 
emitting device that did not feature ITO (indium tin oxide), with performance comparable to 
reference ITO-free devices [198]. The presence of DHI-melanin increased the crystalline order of 
the PEDOT:PSS fraction [199]. 
Synthetic eumelanin (dopa-melanin) was also used as a gating medium for PEDOT:PSS based 
transistors; the modulation was achieved by controlling the water vapor pressure to which 
eumelanin was exposed [132]. Eumelanin was also capable of transducing proton-to-electronic 
currents [130]. Previously, the detection of DHI-melanin in colloidal suspensions was 
demonstrated using Organic Electrochemical Transistors (OECTs) making use of PEDOT:PSS as 
the active layer and the suspensions as the transistor gate; the detection was based on the redox 
reactivity of the DHI-melanin [200]. 
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Synthetic and natural eumelanins have been used as cathode materials for magnesium-ion batteries 
[23] and anode materials in sodium-ion batteries [201]. Supercapacitors and flexible micro-
supercapacitors on flexible polyethylene terephthalate (PET) featuring eumelanin-based electrodes 
were also demonstrated. Such devices work in aqueous electrolytes and can be fabricated at room 
temperature [25].  
Furthermore, synthetic eumelanin (dopa-melanin) was used  as active layer of electrolyte-gated 
field effect transistors for pH sensing [202]. 
The adhesion and the band alignment of DHI oligomers with respect to Si surfaces was studied 
with ab initio calculations for potential applications in photovoltaics, and a prevalence of quinone 
moieties was found to favor adhesion and band alignment with Si [203]. Such results were then 
experimentally confirmed [204]. Eumelanin, extracted from squid ink thanks to a proteolytic 
enzyme [205] and from Antarctic bacteria [206], was used as a natural dye in dye-sensitized solar 
cells (DSSCs) based on TiO2 nanotubes and nanoparticles. It proved to successfully sensitize the 
TiO2 providing interesting power conversion efficiency [205]; however, DSSCs based on TiO2 and 
matrix-assisted pulsed laser evaporation (MAPLE) deposited melanin did not show a reliable 
operation [207]. Tyrosine-melanin, enzymatically produced in situ, was also used to enhance the 
performance of photoelectrochemical cells [208]. Functionalization of photoanodes of α-Fe2O3 
(hematite) with phycocyanin, a light harvesting protein, and eumelanin lead to an increase in the 
photocurrent density [208]. 
Eumelanin-inspired molecules (i.e. based on an indole unit) were synthetized from vanillin, from 
which polymers with extended conjugation can be obtained, thus being promising candidates as 
organic semiconductors [209]. 
2.2 Interfaces between Eumelanin and Metal Electrodes 
Wuensche et al. demonstrated that gold dendrites form in hydrated thin films of eumelanin, 
confined between metal electrodes in a planar configuration, at a distance of 10 μm, under bias (1 
V) [210]. The process was explained with a chloride mediated dissolution of the positive electrode: 
gold nano-aggregates, formed after the electrode dissolution, migrate within the eumelanin layer 
towards the negative electrode, with the catecholic units binding the gold ions. Once the gold nano-
aggregates reach the negative electrode, dendrites nucleate and grow towards the positive electrode. 
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When one gold dendrite connects one electrode to the other, the resistivity plummets (resistive 
switch); the ON/OFF ratio, i.e. the ratio between the current after the resistive switch and the 
current before the resistive switch, amounts to ~104-105 [210]. The similarity between the working 
mechanism of ECMs and the dendrite formation process of hydrated eumelanin thin films points 
to a potential use of eumelanin as ion conductor in Bio-ReRAMs.  
2.3 Melanin’s Biodegradability: Not to Be Taken for Granted 
Due to the confusion that surrounds the terms bioresorbable and biodegradable, eumelanin has 
often been defined biodegradable in studies that referred to a work where its bioresorbability was 
proven [126].  
Studies on melanosomes outlined the resistance of the pigment to degradation in vivo [211]–[213]. 
Preserved eumelanin was also reported in the orbit of a 54 million year-old fish fossil [214], in a 
160 million year-cephalopod [215], and in other fossils [216], [217].  
Proper biodegradability evaluations on natural eumelanin (from human hair, buried in laboratory 
and field settings) [218] and synthetic melanin (dopa-melanin in presence of a mixed bacterial 
culture [219] and tyrosine-melanin in potting soil [220]) revealed negligible biodegradation. 
Conversely, fungi were demonstrated to be able to biodegrade eumelanin from human hair [221] 
and human skin [222]. The fungus Aspergillus Fumigatus is able to fully biodegrade natural 
eumelanins from insects, aged banana skin, human hair, octopus’ ink as well as synthetic dopa-
melanin and tyrosine-melanin. Such fungus is also able to develop its own form of fungal melanin 
[223]. 
The biodegradability of fungal melanins gained attention as the pigment represents an aesthetic 
damage that forms in humid environments on the surface of wood works of art [224], [225]. Fungal 
melanin can also be present in non-tolerable concentrations in waste waters of the industrial 
fermentation of antibiotics [226]. Much work suggests that fungal melanin, too, is rather reluctant 
to biodegradation [227]–[231]. Furthermore, certain fungal melanins are so resistant to 
biodegradation that they can protect the polysaccharides of the cell walls of certain fungi  or 
cellulosic waste  from biodegradation [220], [232]–[245]. Melanin’s protection of the 
polysaccharides of the cell walls was explained as physical barrier and/or proper enzyme inhibition 
[220], [232]–[245]. This entails that the presence of melanin in cell walls becomes a virulence 
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factor in some phytopathogenic fungi. In other words, such fungi use melanin to protect themselves 
against the defense mechanisms of the host (as explained in the paragraph regarding fungal 
melanins) [246]. Other fungal melanins featured a higher tendency to biodegrade [247], 
transforming into humic substances [248]. For the treatment of the fungal melanin-rich waste 
waters of industrial fermentation of antibiotics, Acrostaphylus was suggested, as it is able to 
biodegrade fungal melanin [226]. White rot fungi can biodegrade fungal melanin and synthetic 
dopa-melanin [224], [246], [249].  
Synthetic and fungal melanin were both reported to be resistant to biodegradation in some works 
[219], [220], [227]–[231] and biodegradable in others [221]–[223]: this points out how much 
different parameters such as the type of melanin, melanin’s supramolecular structure, the type of 
soil, the availability of nutrients and the type of microorganisms can lead to different conclusions. 
2.4 Biodegradability in Green Electronics  
Although biodegradability is a paramount feature of materials for green organic electronics, so far 
organic electronics has focused almost entirely on device performance [250]. Until now, no 
international standard test method has been conceived to assess the biodegradability of organic 
electronic materials and devices. This points to the need to elaborate protocol specifically designed 
to claim an organic electronic device to be biodegradable [251]. In most of the works where the 
biodegradability of organic electronic devices is investigated, such devices are put in contact with 
aqueous solutions similar to the human body fluid  [252]–[255].  
Lei et al. produced a thin film transistor (TFT) fully biocompatible and “disintegrable” (i.e., 
degraded in a solution containing cellulase, the enzyme able to decompose cellulose back to the 
monomeric form), based on cellulose, iron electrodes and a semiconducting polymer. Such a 
biodegradable polymer was designed ad hoc, i.e. a copolymer of isoindigo (diketopyrrolopyrrole) 
(DPP) and phenylenediamine (PD), PDPP-PD [256]. Pan et al. produced a biodegradable 
triboelectric nanogenerator (TENG) composed of gelatin film and an electrospun PLA nanofiber 
membrane; the degradation was tested in water [257]. Zhang et al. produced a TENG based on silk 
fibroin proteins, wherein the biodegradation of silk can be followed monitoring optical diffraction 
and the triboelectric performance [258]. Salvatore et al. fabricated temperature sensors with 
reliable electrical performance and dissolvable in water, based on magnesium, silicon dioxide and 
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silicon nitride nanometric thin films, and using a compostable polymer as the encapsulant, i.e. 
poly(butylene adipate terephthalate) (PBAT) [259].  
A battery capable to power electronic devices (1.5-3 V), i.e. suitable for portable applications, fully 
biodegradable, was demonstrated by Esquivel et al. The battery is based on cellulose, carbon, 
beeswax, and a quinone-based redox material. The battery is biodegradable in anaerobic conditions 
(in absence of oxygen and at 35 °C). Such conditions were chosen as they represent a worse-case 
scenario with respect to aerobic biodegradation, that is faster than the anaerobic one [260].  
Jeong et al. proved how starch paper modified with poly(vinyl alcohol) (PVA) and a crosslinker 
could work as a biodegradable substrate in flexible organic electronic devices. The biodegradability 
was tested by means of a fungus in fish bowl water [261]. 
2.5 Eumelanin as an Additive for Plastic Polymers 
Natural and synthetic eumelanin, fungal melanin as well as dopamine-melanin (a eumelanin-like 
synthetic material [262]) have been evaluated as additives to improve the UV-blocking properties 
[263], [264] and the photostability [263] of polymers such as PVA and bisphenol A polycarbonate 
(PC) [265] as well as the thermal stability of PVA [266], [267], PLA [266], [268], poly(methyl 
methacrylate) (PMMA), polypropylene (PP) [269], polyhydroxy butyrate (PHB) [270], and of a 
bio-sourced polymer, carrageenan, extracted from red seaweeds [271] (Table 2.1). Sepia Melanin 
was also used to stabilize (i.e. to avoid agglomeration) of ZnO nanoparticles, used as an 
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Transmission (% wt. of 
additive causing the effect) 
Increase of onset of 
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temperature, °C) (% wt. of 






80% transmission kept (1% 
wt.) ≈ 70 (5% wt.) 
Sepia Melanin N/A ≈ 50 (5% wt.) 
Polypropylene 
(PP) [269] Sepia Melanin N/A ≈ 50 (5% wt.) 
Polystyrene 






Absorption (%) (0.5% wt.)* 
N/A 
UVC 100 






Absorption (%) (2 % wt.)* 
λ< 340 nm ≈100 








≈ 100% absorption * in UV 
region (200 − 400 nm). With 
wall thickness ∼ 8 nm 
maintained relatively high 
transparency to visible light 
N/A 





No effect (PLA does not 
generate radicals during 
thermal decomposition) 
PVA [267] Dopamine-Melanin N/A 











Absorption (%) (0.5% wt.) ** The temperature at which 5 
% weight loss takes place 
increases of 10 °C 
(0.5 % wt.) 
< 400 nm 100 
Transmission (%) (0.5% wt.) 
800 nm 72.6 
PLA [268] Fungal melanin 
Transmittance (%) (0.2 % 
wt.) Not affected 

















Absorption (%) *** (0.5% 
wt.) 
N/A 
300 nm 50 
Absorption (2% wt.) 
280 nm All radiation shielded 
Transmission (%) (2% wt.) 
550 nm 40 
Dopamine-
Melanin 
Nanoparticles 240 nm 
Transmission (%) (1% wt.) 
< 270 nm 0 
Visible 50 
Nanoparticles 15 nm 
Transmission (%) (1% wt.) 
















Nanoparticles 98 ± 22 nm 
Main decomposition 
temperature increased of 7 
°C (2% wt.) 
Transmittance (%) (2% wt.) 
280 nm 2.6 
660 nm 12.5 
PP [273] Dopamine-melanin N/A N/A 14.5 (1% wt.) 
* with respect to the absorbance of pristine rhodamine B solution. 
** with respect to the absorbance of pristine methylene blue solution. 
*** with respect to the blank polymer. 
27 
2.6 Biomedical Applications of Eumelanin 
Eumelanin has been investigated for biomedical applications thanks to its biocompatibility [125], 
bioresorbability [126], photothermal conversion of radiations [274] as well as  binding affinity with 
respect to organic compounds and metals [275].  
Bettinger et al. demonstrated that physically crosslinked hydrogels loaded with Sepia Melanin 
could be disintegrated upon UV irradiation, thanks to the photothermal conversion of eumelanin. 
Such hydrogels could be used in biotechnology (e.g. controlled drug release and regenerative 
medicine) [274]. As a matter of fact, a few years later Sepia Melanin-releasing hydrogels were 
tested to reduce inflammation in skin wound healing [276].  Microparticles of the polysaccharide 
alginate were loaded with synthetic eumelanin and used as drug delivery carrier, where the drug 
delivery would be mainly induced by the photothermal conversion of melanin upon NIR (near 
infrared) irradiation. Natural eumelanin was used as a photothermal therapeutic agent (PTT), able 
to kill tumor cells by hyperthermia when irradiated with NIR radiation [277], [278]. The research 
about eumelanin as a PTT agent also focused on avoiding recognition and clearance by the immune 
system: red blood cell membrane-camouflaged melanin nanoparticles were successfully tested as 
in vivo PTT agents and photoacoustic imaging (PAI) agents for tumor imaging [279]. The same 
research group later improved such camouflage, using a hybrid biomimetic coating constituted of 
red blood cell membrane and tumor cell membrane. The presence of the tumor cell membrane 
entailed enhanced tumor targeting of the melanin nanoparticles, with consequent improved PTT 
efficacy in vivo [280]. 
Eumelanin has been considered as a biomarker to detect diseases such as melanoma [281]. 
Eumelanin’s ability to bind drugs and metals (radioactive 64Cu2+, Fe3+) combined to its 
photoacoustic properties were leveraged to produce nanoparticles (functionalized with 
polyethylene glycol (PEG)) that would work not only as a drug delivery system but also for 
multimodality imaging (positron emission tomography (PET) and PAI) guided therapy [275], 
[282]. Hybrid synthetic eumelanin-Fe3O4 nanoparticles were used as PTT agents as well as 
magnetic resonance and photoacoustic contrast agents [283]. Analogously, biocompatible Au 
nanoparticles were grown on Sepia Melanin for imaging-guided photothermal tumor ablation. The 
so-obtained nanocomposites allowed the detection of tumors by X-ray computed tomography (CT), 
photoacoustic and thermal imaging and their ablation by photothermal therapy [284]. Eumelanin’s 
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ability of binding organic compounds could be harnessed to test the phototoxicity of 
pharmaceuticals [285].   
Sepia Melanin nanoparticles, functionalized with dopamine-melanin, showed potential as 
antibiotic delivery systems [286]. Sepia Melanin was also used as a drug-delivering coating for 
glass-ceramic scaffolds studied as prosthetic materials [287]. Sepia Melanin – PVA coatings were 
also used to reduce the anti-inflammatory response to ITO electrodes, with excellent 
electrochemical activity and durability [288].  
The possibility of producing synthetic eumelanin films (DHI-melanin) as biocompatible platform 
for stem cell growth was demonstrated by Pezzella et al. [289]. Aligned silk fibroin scaffolds 
containing eumelanin were used as neural regeneration substrates, showing anti-oxidant properties 
and biocompatibility [290]. 
DHICA-melanin/TiO2 hybrid nanostructures showed antimicrobial activity under UV and visible 
radiation, thanks to the formation of ROS species by both components (only partially quenched by 
the synthetic melanin) [291], [292]. Conversely, hybrid nanoparticles silica/DHICA-melanin 
showed protecting effects against hydrogen peroxide-induced oxidative stress and cytotoxicity 
[293]. 
Eumelanin was proven to be able to protect the liver against alcohol-induced stress [294] and for 
prevention and management of high fat diet-induced hyperlipidemia in mice [295].  
Melanins can interact with drugs in manners that may influence their activity, metabolism and 
toxicity. A synthetic melanin biomimicking neuromelanin and Sepia Melanin have been reported 
to act as electron donor vs drugs and paraquat, an environmental toxin (a pesticide which has been 
linked to Parkinson’s disease) [296], [297]. 
Further applications of eumelanin in the biomedical field can be found in the review by Solano 
[298].  
2.7 Further Diverse Applications of Eumelanin 
Sepia Melanin, added to the polymer poly(ethylene-alt-maleic anhydride) by solubilization and 
lyophilization, in a weight ratio 1/1, was studied as an adsorbent for purification of waters polluted 
by the methylene blue dye [299]. The metal chelating properties of eumelanin can be also used for 
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the same purpose. Tripathi and Melo prepared agarose-chitosan low density biopolymers 
functionalized with dopa-melanin that showed high sorption affinity towards uranium (the uranyl 
oxycation) and could be reused multiple times after elution with HCl [300]. The surface roughness 
(and, by result, the surface area) was later increased by the incorporation of colloidal silica 
nanoparticles [301]. Similarly, melanin-covered Escherichia coli were used to remove the model 
pharmaceutical chloroquine from water [302]. 
Eumelanin was also used as a support for palladium nanoparticles working as catalysts for Suzuki 
coupling reactions, thanks to the pigment’s affinity towards the metal [303]. Eumelanin was 
encapsulated in mesoporous metal-organic frameworks in order to improve their binding 
affinity  towards carbon dioxide [304].  
Thanks to its anti-oxidant properties, films of DHI-melanin were investigated as potential 
sacrificial electrodes for the detection of peroxynitrate (PON) in solution, as both their 
electrochemical response and absorbance characteristics changed in presence of PON [305]. 
Cuttlefish ink was also directly used to create vivid colors with tunable hues that cover the entire 
visible spectrum. The method implies simply mixing monodisperse polystyrene (PS) particles with 
the ink and subsequent drop-coating of substrates such as paper, glass and plastic followed by 
drying at ambient temperature and humidity. The drop-coated substrates could then be ground into 
powders to obtain pigments [306].   
The surface of wool fabrics was functionalized with composite particles of natural melanin 
extracted from alpaca fibers and rutile TiO2. Such melanin/TiO2 composites were used to increase 
the photostability of the fabrics [307]. 
2.8 Diverse Synthetic Melanins 
DMSO-melanin is a synthetic eumelanin obtained from the synthesis in DMSO so that eumelanin’s 
building blocks partly feature sulfonated groups (=SO2CH3) [308]–[310]. With respect to synthetic 
and natural eumelanin, sulfonated melanin derivatives show greater solubility in DMSO [308], 
higher photoluminescence in the visible [311] and good thin film stability [308]. DMSO-melanin 
is also biocompatible [312]. A synthetic eumelanin-like material obtained from the polymerization 
of the methyl ester of DHICA was shown to exhibit superior anti-oxidant properties with respect 
to DHICA-melanin, good solubility in alcoholic or other common organic solvents as well as 
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resistance to photoaging. Such properties suggested its use as an anti-oxidant ingredient for 
dermocosmetic formulations [313]. 
 





In spite of the intense research efforts of materials scientists, engineers, physicists and 
dermatologists during the last decades, fundamental aspects of the physico-chemical properties of 
eumelanin have still to be fully understood [89]. In addition to that, the use of eumelanin for 
technological applications still features key challenges. For instance, in the field of green 
electronics, the stability of the interfaces between metal electrodes and eumelanin films under bias 
(i.e. absence of electrochemical processes resulting in electrode dissolution) is paramount. Such 
stability is important both for the proper characterization of the intrinsic electrical response of 
eumelanin and for the functioning of any eumelanin-based device. As previously mentioned, the 
only exception is represented by ReRAMS, systems where the electrode dissolution is desirable. 
As pointed out by Wuensche et al. [210], the stability of the metal electrode-eumelanin interface 
is not to be taken for granted even when dealing with supposedly inert metals, such as gold. Bio-
sourced materials can indeed have traces of salts still present after their extraction from their 
biological medium. Such salts can trigger electrochemical processes at the eumelanin-metal 
electrode interface under bias in wet environments. Given the hygroscopicity of eumelanin [123], 
the presence of water in eumelanin films cannot be ruled out at ambient conditions. It is thus evident 
that identifying the conditions under which the electrode dissolution does/does not take place is 
crucial for the electrical characterization of eumelanin and its potential applications as bio-sourced 
material in green electronics. 
Furthermore, in the plastics industry, the endeavor towards sustainability has concerned not only 
plastics themselves, but also their additives [190]. Eumelanin can thus be explored as a bio-sourced 
UV-absorption enhancer for plastic polymers, as the works developed in parallel with this thesis 
confirmed  [194], [263], [265], [268], [271]. In this context, in order to reduce the gap between the 
demonstration of the UV-absorption enhancement provided by the biopigment to a polymer and a 
potential use of eumelanin as a commercial additive, important challenges are be tackled such as 
(i) the improvement of eumelanin’s dispersion in the polymer matrix (ii) elucidating the effects of 
long exposure to UV radiation, given the dichotomous role (i.e. photoprotective vs photodamaging) 
of eumelanin’s UV-absorption properties (iii) clarifying if any synergistic or antagonistic effects 
occur with respect to anti-oxidants inevitably present in commercial grade polymers. 
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In addition, as aforementioned, eumelanin’s bioresorbability (biodegradability in contact with body 
fluids) was proven [126], but no studies were carried out in compost from municipal waste, at room 
temperature or composting conditions (58 °C). Clarifying the environments and the conditions 
under which the biopigment undergoes biodegradation is a further key aspect both in the context 
of materials for green electronics, as biodegradability is one of its pillars, and in the field of 
additives for polymers.  
Given all these considerations, the targets of this work are: 
1) Determining the conditions under which electrochemical processes (metal electrode 
dissolution) take place at the interfaces between hydrated eumelanin films and metal 
electrodes. In Article 1, we clarified the effect of the relative humidity on the eumelanin-
metal electrode interface in the case of Au. In Article 4, a systematic study including metals 
other than Au (Pd, Cu, Fe and Ni) was carried out in order to try to “map” the conditions 
where the electrode dissolution does/does not take place. 
2) Assessing the possibility of using eumelanin as an additive for plastic polymers, that could 
work as UV-absorption enhancer and evaluating the effects of a long-term UV irradiation. 
In Article 2 we studied the UV-absorption enhancement provided by both synthetic and 
natural eumelanin to a commercial grade of ethylene-vinyl acetate copolymer (EVA), a 
polymer for packaging applications. The effects of prolonged UV exposure were studied, 
too. Eumelanin’s performance was compared to a commercial UV stabilizer (2-hydroxy-4-
(octyloxy) benzophenone or BLS®531 from Mayzo). 
3) Shedding light on eumelanin’s biodegradability in compost from municipal waste, at room 
temperature (25 °C) and in composting conditions (58 °C); 
a. Given that proper assessments of the biodegradability of materials for organic electronics 
have lacked so far [250], the case study of the biodegradability in composting conditions 
was extended to two materials representative of organic electronics: a solution-processable 
polymer whose electrical conductivity can be increase by 16 orders of magnitude by 
chemical doping [314], investigated in photovoltaics [315], namely poly(p-phenylene 
sulphide) (PPS), and a molecular dye featuring semiconducting properties that was assessed 
as the active layer of transistors and photovoltaic cells [316]–[318], namely copper (II) 
phthalocyanine (Cu-Pc) (Figure 3.1). This investigation is reported in Article 3. 
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4.1 Atomic Force Microscopy 
The atomic force microscope (AFM), also known as the scanning force microscope (SFM), belongs 
to a larger family of instruments termed the scanning probe microscopes (SPMs) [319]. 
An AFM instrument is based on a sharp probe (tip), mounted at the apex of a flexible 
microcantilever arm (Figure 4.1). In turn, the cantilever itself is mounted on a piezocrystal which 
allows the position of the probe to be moved with respect to the surface of interest [319], [320]. 
 
Figure 4.1 Basic AFM set-up. Reprinted with permission from Ref. [320].  
 
A three-dimensional picture of the topography of such surface can be obtained to a nanometric or 
sub-nanometric resolution, by raster-scanning this probe across the surface of interest. As the probe 
meets the topographic features present on the surface, the deflection of the cantilever is monitored. 
From the reverse (uppermost) side of the cantilever, a laser beam is reflected onto a position-
sensitive photodetector. The deflection of the cantilever brings about a change in the position of 
the laser spot on the photodetector, so that changes of such deflection are monitored (Figure 4.1) 
[319], [320].  
In “static” AFM modes, such as contact mode, the probe remains in constant contact with the 
sample while in “dynamic” modes the cantilever is oscillating, such as with the intermittent 
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(tapping) or non-contact modes [319]–[321]. Tapping mode was conceived to reduce lateral forces 
and drag while the probe is scanned across the surface. The cantilever oscillates at a frequency 
close to its resonant value with fixed amplitude. The probe repeatedly engages and disengages with 
the surface when approaching a sample [319], [320]. Consequently, the amplitude of oscillation 
will be restricted as the probe encounters differing topography. By using a feedback mechanism to 
maintain a constant amplitude (by changing the height of the piezocrystal), an image of the 
topography of the surface is obtained. Differences in the mechanical and adhesive properties of 
areas of the same surface can cause a change in the frequency of oscillation, in turn bringing about 
a shift in the phase signal between the frequency with which the cantilever is actually oscillating 
and the drive frequency. This phenomenon has been leveraged to obtain phase images in parallel 
with topographic images [319], [320].  
Commercially manufactured probes and cantilevers are mostly made of silicon nitride or silicon 
[319], [320]. 
AFM in tapping mode was used to study the interface between eumelanin thin films and metal 
electrodes as well as the 10 μm interelectrode distance, after the transient electrical measurements, 
in Article 1 and Article 4.  
4.2 Scanning Electron Microscopy and Energy-Dispersive X-ray 
Spectrometry 
The components of a scanning electron microscope (SEM) are: an electron gun, a column with 
electromagnetic lenses, an electron detector, the sample chamber as well as a computer and display 
to view the images [322] (Figure 4.2). 
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Figure 4.2 Basic components of a SEM. Reprinted with permission of JEOL USA Inc. from Ref. 
[323].  
 
The sample is mounted on a stage in the chamber area; both the column and the chamber are kept 
under vacuum by a combination of vacuum pumps. At the top of the column, the electron gun 
generates electrons and accelerates them to an energy in the range 0.1-30 keV [322]. The electrons 
travel down the column, passing through a combination of lenses that produces a focused electron 
beam. Such a beam (diameter lower than 10 nm) reaches the surface of the sample. A deflection 
system (scan coils) controls the position of the electron beam on the sample, allowing it to sweep 
across the specimen. The interaction between the electron beam and the sample generates several 
signals, that are detected by appropriate detectors, to form images which are then displayed on the 
computer screen. In particular, images can be taken either in secondary electron mode or in 
backscattered electron mode [322].  
37 
Secondary electrons are defined as “the loosely bound outer shell electrons from the constituent 
atoms of the specimen, which receive sufficient kinetic energy from the beam electrons to be 
ejected from the atom” [322]. Those generated near the top surface of the specimen are emitted 
outside of it. The emission of secondary electrons depends on the incident angle of the electron 
beam and a secondary electron mode image gives information on the surface topography [322].  
The interaction between the beam electrons and the specimen atoms can also cause elastic 
scattering of the beam electrons with no energy loss, i.e. backscattered electrons. The volume of 
interaction in the specimen has an approximately half-sphered shape, with its diameter inversely 
proportional to the atomic number of the constituent atoms. The probability of elastic scattering 
increases with the atomic number. A higher yield of backscattered electrons from one area with 
respect to another is due to atoms with a higher atomic number, with one area appearing brighter 
than another in the backscattered electron mode image [322].  
The maximum resolution obtainable in an SEM depends on several factors, such as the electron 
spot size and interaction volume of the electron beam with the sample; some SEMs can achieve 
resolution below 1 nm [322].   
SEM analytical capabilities are based on the interactions between the electron beam and the 
specimen’s volume beneath the beam, from which X-ray photons are generated. If an X-ray 
spectrometer is added to the microscope, EDS or EDX (Energy-Dispersive X-Ray Spectrometry) 
can be carried out to obtain a localized chemical analysis. The electron beam bombardment can 
cause the ejection of an inner shell electron from the atom, creating a vacancy. The transition of an 
electron from a more external shell to the inner shell with such vacancy brings about the emission 
of an X-ray photon with a specific energy. As the energy differences between electron shells are 
characteristic for each element, the X-rays characteristic of each element (characteristic X-ray 
lines) can be inferred [322]. Another interaction electron beam-specimen is represented by the 
deceleration of the electron beam electrons in proximity of the Coulombic field of the specimen 
atoms. Such loss in kinetic energy implies the emission of other photons, which are not related to 
the specimen elements and give the continuum background of the spectrum [322].  
SEM was used to study the interface between hydrated eumelanin thin films and metal electrodes 
as well as the 10 μm interelectrode distance, after the application of an electrical bias, in Article 1 
and Article 4. Images both in secondary electron mode and backscattered electron mode were 
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taken. EDX was used to have insights on the composition of the bridging structures that formed 
from the dissolution of the metal electrodes in the same two articles. 
4.3 Time-of-Flight Secondary Ion Mass Spectrometry 
Time-of-Flight secondary ion mass spectrometry (ToF-SIMS) is the combination of the analytical 
techniques SIMS (Secondary Ion Mass Spectrometry) and Time-of-Flight mass analysis (ToF). It 
provides detailed elemental and molecular information regarding the surface of a sample. It is used 
for semiconductors, polymers, paints, coatings, glass, paper, metals, ceramics, biomaterials, 
pharmaceuticals and organic tissues [324]. 
During a ToF-SIMS analysis, a solid surface is bombarded by primary ions of high (some keV) 
energy. The primary ions kinetic energy is dissipated through collision cascades in the near-surface 
region. While the primary ion is buried below the surface, bonds near the site of impact are broken 
allowing surface atoms, molecular fragments and molecules to overcome the surface binding 
energy, being ejected from uppermost three atomic layers [324]. The majority of the emitted 
particles are neutral in charge, but a small proportion is also positively or negatively charged. Only 
the charged species will be detected by the ion mass spectrometer. If the primary ion dose is lower 
than 1012 ions/cm2, the SIMS investigation is called “static”, as in ToF-SIMS, because it analyzes 
the original, non-modified surface composition; if the primary ion dose is higher, there is a 
significant probability that the emitted ions arise from a previously sputtered area, hence they are 
not representative of the virgin surface [324].  
Among the different types of mass spectrometers, ToF has the advantage of very high mass 
resolution (several thousands of Da). A ToF spectrometer leverages on the feature that ions with 
the same energy but different masses travel with different velocities. An extraction field of few 
thousand volts accelerates the generated ions with a fixed kinetic energy. The accelerated ions then 
travel over a drift path to the detector, with the velocity inversely proportional to the mass. From 
the measurement of the flight time of each ion, its mass can be inferred [324].  
ToF-SIMS was used to gain insights into the composition of eumelanin-Au complexes of the 
dendrites forming in the interelectrode distance, after the application of an electrical bias, in Article 
1. 
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4.4 UV-visible-NIR Spectroscopy 
UV-visible-NIR spectroscopy provides a quantitative measurement of the interaction of ultraviolet 
(UV) (220–400 nm), visible (400–800 nm), and near infrared (NIR, 800–2500 nm) radiation with 
a material. This type of spectroscopy can be used to probe the intrinsic properties of a material, e.g. 
its absorption coefficient.  
The interaction of light with a material’s electrons, which results in electronic transitions between 
different energy levels, is responsible for the appearance of absorption in the UV, visible and NIR 
ranges [325]. In the present thesis, the instrument used for UV-visible-NIR spectrophotometry was 
a Lambda1050 spectrophotometer from PerkinElmer. Such an instrument provides monochromatic 
light by means of a monochromator over a wavelength range of 170 nm to 2500 nm; a deuterium 
lamp covers the UV spectrum and a tungsten-halogen lamp covers the visible-NIR spectrum. Using 
a combination of two detectors (a photomultiplier and an InGaAs-based detector) sensitive over 
the range of interest, a spectrophotometric curve is obtained by comparison of the signal measured 
after interaction of the monochromatic light with the sample and the signal recorded without the 
sample in the measurement beam (reference beam) [325]. In particular, the instrument used here is 
a double-beam spectrophotometer: the radiation produced by the source is split into two beams, 
one of which will encounter the sample whereas the other reaches the detector following a sample-
free (reference) path [326]. Such a set-up allows for a continuous comparison between the intensity 
(power per unit area) of the two beams and, as a result, avoids erroneously attributing system 
fluctuations (e.g. light source intensity changes) to the sample.  
In the case of an ideal non-scattering material, the measurement of the reflected or transmitted light 
beam is relatively straightforward, as both the reflected and transmitted beam travel along a single-
well defined direction (Figure 4.3). The radiation passing through the material will face a change 
of direction according to Snell’s law, and will be transmitted along a single direction as well 
(specular transmission) (Figure 4.3).  
In the case of a scattering material, both reflected and transmitted light are redirected in all 
directions (Figure 4.3). Consequently, measuring diffusive samples is not a trivial task [326]. It is 
for these applications that integrating sphere methods become important, to collect and measure 
part of the diffusely transmitted and/or reflected radiation. 
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Figure 4.3 Schematic representation of reflection and transmission from a scattering material. 
Reprinted with permission from Ref. [326]. 
 
An integrating sphere, also called an Ulbricht sphere, is an optical device for photometric 
measurements featuring a hollow sphere covered inside with a white highly reflective and 
uniformly diffusing (Lambertian) coating (e.g. Spectralon®). The set-up brings about many diffuse 
internal reflections of the entering radiation (Figure 4.4, A). The sphere generally presents two or 
more small openings, the ports, for introducing the light beam or attaching detectors. Baffles that 
prevent the detector from directly viewing the light source or the area of the sphere wall directly 
illuminated by the light source are usually present [326] (Figure 4.4).  
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Figure 4.4 (A) Typical layout of an integrating sphere; FOV stands for field of view of the detector; 
(B) set-up of an integrating sphere system for total transmittance measurements; (C) commercial 
integrating sphere with the center-mount set-up. Reprinted with permission from Ref. [326]. 
 
An important class of accessory for diffuse reflectance and diffuse transmittance measurements 
with integrating spheres is represented by center-mount sample holders (Figure 4.4, C). In this type 
of sphere design, cuvettes or thin films are held in the middle of the sphere; the angle of incidence 
can be varied thanks to the rotation of the attached holder. Using the center-mount approach allows 
to measure simultaneously the diffusive transmittance τ and reflectance ρ. Absorptance can then be 
inferred as it is the complementary to 1 with respect to τ + ρ. 
The UV-visible-NIR Lambda1050 spectrophotometer equipped with an integrating sphere with 
center-mount set-up was used in Article 2 to compare the UV-visible absorption of the control 
plastic films with respect to the films containing eumelanin and the commercial benzophenone. In 
addition, it was deployed to check the effects of prolonged UV irradiation (UV-aging test) on the 
UV-visible spectra of the plastic films. 
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4.5 Infrared Spectroscopy 
The absorption of electromagnetic radiation of the infrared region by a molecule promotes 
transitions between quantized vibrational energy levels of the ground (lowest) electronic energy 
state. Vibrational modes can range from bond stretching to various types of vibrations [327], [328].  
An infrared (IR) spectrum reports bands related to the frequencies of excitation of vibrational 
modes. As such frequencies are characteristic of specific chemical bonds or functional groups, the 
presence of specific chemical bonds or functional groups in a sample can thus be established from 
the IR spectrum. Furthermore, the absorption is proportional to the concentration of such functional 
groups. The predominant technique nowadays is represented by Fourier transform infrared 
spectroscopy (FT-IR). Mid-infrared spectra typically cover the range between 4000 cm-1 (2.5 μm) 
and 500 cm-1 (20 μm) [327], [328].     
The frequency of vibration of certain functional groups slightly varies from one molecule to another 
containing that same functional group: these modes belong to the "fingerprint" region of the 
spectrum (1200-700 cm-1) which makes each spectrum unique and proves useful in establishing 
the identity of a compound  [327], [328].  
In transmission mode, the IR radiation is focused on the sample in a cone-shaped beam, where it 
will be partly absorbed. The transmitted IR light is then focused on the detector for measurement 
[329]. If the sample is not self-supported, an IR-transparent window has to be used. Powder 
samples can be dispersed and pressed in KBr pellets, as KBr is transparent to IR radiation (cutoff 
wavelength is 388 cm-1).  
Another FT-IR sampling technique is represented by the attenuated total reflection (ATR). In the 
ATR technique, the sample is placed in intimate contact with a crystal of a material featuring a 
high-refractive index, the internal reflection element (IRE) (Figure 4.5) [327], [328]. When two 
materials with different refractive indices are put in contact, the one featuring the lower index is 
named the optical rare medium (in an ATR configuration, the sample), while the other one is called 
the optically dense medium (in an ATR configuration, the IRE) [328]. The IRE is transparent to IR 
radiation: ZnSe, Si, diamond, and Ge are the most used materials. If the beam of the IR radiation 
is directed into the IRE with an angle of incidence above a critical value, total internal reflection 
occurs at the IRE internal surface [327], [328]. The IR beam can then face one (as in the instrument 
used for this work) or several (as in Figure 4.5) internal reflections as it travels along the crystal 
and is then passed to the detector in the IR spectrometer, generating an IR spectrum [327], [328]. 
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The working principle of the ATR technique is that the internal reflectance is identically equal to 
1 if the optically rare material (the sample) does not feature any absorption [328]. Even if the beam 
is confined into the IRE, it gives rise to an evanescent wave at the interface with the sample, as the 
electromagnetic field of a photon is perpendicular to its propagation direction. Such an evanescent 
wave can interact with the sample over a distance named depth of penetration (defined as the depth 
at which the strength of the field decays to 1/e of its intensity at the surface) [327]–[329]. The depth 
of penetration depends on the radiation wavelength, the refractive index of the IRE and of the 
sample as well as on the angle of incidence [327]–[329]. At the wavelengths where functional 
groups of the sample feature absorption, the evanescent wave becomes attenuated: the 
measurement of such an attenuation as a function of wavelength brings to the infrared spectrum of 
the sample [327]–[329]. 
ATR accessories usually feature a clamp, with a  metallic, rubber or polymer pad, to ensure proper 
contact between the IRE and the sample [328].  
 
Figure 4.5 An ATR accessory. The sample is placed on the internal reflection plate assuring 
intimate contact. Adapted with permission from Ref. [327]. 
 
FT-IR in transmission mode was used in Article 3 in order to compare eumelanin extracted from 
the cuttlefish ink to the commercially available counterpart, Sepia Melanin from Sigma-Aldrich. 
FT-IR in ATR mode was used in Article 2 in order to identify the photo-degradation products 
forming during prolonged exposure of the polymer films to UV radiation. 
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4.6 Neutron Activation Analysis 
Differently from most of chemical analysis methods that depend on the behavior of outer shell 
electrons, neutron activation analysis (NAA) is an elemental analysis method based on the 
properties of the nucleus. During NAA, a neutron bombardment of the nuclei of stable isotopes 
brings about the formation of radioactive isotopes, as some neutrons are captured by the nuclei 
[330]. A nuclear reactor is among the most practical neutron sources for NAA, producing neutrons 
via the nuclear fission process [330]. The radioactive isotopes emit characteristic γ-rays when they 
decay to stable nuclei (radioactive decay). The emitted radiations are used to characterize and 
quantify the constituent atoms of the specimen. The measurement is usually carried out with a high-
resolution semiconductor detector [330], [331]. NAA has the advantage of being a non-destructive 
method. It allows for the characterization of more than 70 elements [332]. 
NAA was used to determine the amount of chlorine in natural and synthetic eumelanin in Article 
1 as well as to measure the concentration of metals still present in traces after the extraction of 
Sepia Melanin from the cuttlefish ink in Article 3.  
4.7 Thermogravimetric Analysis 
During a thermogravimetric analysis (TGA), a sample (approximately 10 mg) is subjected to a 
controlled temperature program in a controlled atmosphere while its mass is measured by a balance 
as a function of temperature or time [333]. The atmosphere is controlled by flowing a purge gas 
through the balance. When gases such as nitrogen, argon, or helium are used, the atmosphere is 
inert (pyrolysis) while, if air or oxygen are used, it is oxidizing. A TGA measurement is usually 
visualized as a plot of residual mass (normalized with respect to the initial mass, so in percentage) 
versus temperature. The derivative with respect to temperature (DTG) is usually displayed, too 
[334], [335]. 
A TGA gives insights into the thermal decomposition of a material. Mass losses appear as steps in 
a TGA graph and are related to specific thermal degradation phenomena. For example, in the case 
of a polymer, volatile components such as low-molecular-mass additives and absorbed moisture 
are lost below 200 °C. Above such temperature, polymer degradation (chain scission, monomer 
unzipping and side group elimination) can take place by free radical processes initiated by bond 
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scission [334]. Regarding the DTG, its maxima represent the temperature of maximum rate of 
thermal degradation phenomena while its minima represent the end of such phenomena [334]. 
During processing and service, polymers are exposed to both heat and oxygen, so that a TGA in an 
oxidizing atmosphere better simulates the environment to which the polymer will be exposed. 
However, when a TGA is run in O2 or air, a polymer can present an initial mass gain due to oxygen 
uptake, which can mask the onset of the degradation phenomena. In other words, the mass gain 
hides the mass loss due to the degradation onset and the polymer may then result, from the TGA 
graph, more thermally stable than it actually is [334]. TGAs in inert atmosphere, even if less close 
to simulate the real environment of service of the polymer, do not present the aforementioned 
artefact related to oxygen uptake and are consequently used as complementary tools to gain insights 
into the thermal stability of a polymer [334].   
The standard ASTM E 2550-07 (Standard Test Method for Thermal Stability by 
Thermogravimetry) defines the onset degradation temperature of a polymer as “a point on the TG 
curve where a deflection is first observed from the established baseline prior to the thermal event”: 
the deflection of the baseline can be determined by identifying the temperature at which the DTG 
attains a certain value (to be defined empirically case by case, e.g. 0.1 %/°C) [336]. 
Thermogravimetric analyses were used in Article 2 to evaluate potential synergistic or antagonistic 
effects between eumelanin and an anti-oxidant already present in the commercial grade polymer 
used. TGAs also helped gain insight into the effects of prolonged UV irradiation (UV-aging test) 
on the thermal stability of the polymers. In Article 3, the thermogravimetric analyses were used to 
compare the thermal decomposition of eumelanin extracted from cuttlefish ink to the commercially 
available counterpart, Sepia Melanin from Sigma-Aldrich.  TGAs were also used to determine the 
dry mass and the ash content of the materials used for the biodegradability test in composting 
conditions. The dry solids represent the residual mass after heating the material at 105 °C until 
constant mass is reached, in inert atmosphere. The ash content represents the residual mass after 
heating the material at 550 °C until constant mass is reached, in air [337]. 
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4.8 Biodegradation 
4.8.1 Aerobic Biodegradation  
When aerobic biodegradation takes place, the microorganisms present in the soil transform the 
carbon of the test material partly into gaseous products (CO2, respired carbon) and partly into their 
biomass (assimilated carbon) [187]. The simplified biochemical reaction can be summarized as:  
CTEST + O2 → CO2 + H2O + CRESIDUE + CBIOMASS  (1) 
Where CTEST is the carbon of the test material, CRESIDUE is the carbon not metabolized by the 
microorganisms and CBIOMASS is the carbon assimilated and transformed into their biomass by the 
microorganisms. From reaction (1) it is thus evident that the respiration of the microorganisms can 
be followed either by measuring the O2 consumed or by measuring the CO2 evolved. The ratio CO2 
evolved / O2 consumed is called respiratory quotient (it was assumed to be 1 mol / mol in this work) 
[338]. 
However, it is worth noting that the microorganisms may, at the same time, biodegrade not only 
the carbon of the test material CTEST but also the carbon of the organic matter already present in the 
compost (CORG MAT COMP) [338]. As a result, reaction (1) has to be written as: 
CORG MAT COMP + CTEST + O2  → (CO2 from C ORG MAT COMP + CO2 from C TEST) + H2O + (CRESIDUE from C 
ORG MAT COMP + CRESIDUE from C TEST) + (CBIOMASS from C ORG MAT COMP + CBIOMASS from C TEST) (1.1) 
Consequently, it is always necessary to subtract the respiration activity of blank compost (plain 
compost without any test material), quantified with CO2 from C ORG MAT COMP,  from the respiration 
activity of the compost containing the test material (CO2 from C ORG MAT COMP + CO2 from C TEST) in 
order to have a value related solely to the biodegradation of the test material (CO2 from C TEST) [339]. 
Apart from the monitoring the respiration activity of the blank compost, biodegradability tests 
generally involve also a biodegradable material (cellulose), called the positive control, and a non-
biodegradable material (polyethylene, PE), called the negative control [339].  
4.8.2 Quantifying the Biodegradation of a Material 
The biodegradation percentage (mineralization) at a certain time is evaluated as follows [339]: 
𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴 (%) =  𝑪𝑪𝑶𝑶𝟐𝟐 (𝒎𝒎𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴) - 𝑪𝑪𝑶𝑶𝟐𝟐 (𝒃𝒃𝑴𝑴𝑴𝑴𝑴𝑴𝒃𝒃 𝒄𝒄𝑴𝑴𝒎𝒎𝒄𝒄𝑴𝑴𝒄𝒄𝑴𝑴) 
𝑪𝑪𝑶𝑶𝟐𝟐(𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴)
∗ 𝟏𝟏𝟏𝟏𝟏𝟏 (2) 
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Where CO2 (material) is the measured mass of CO2 evolved from the bioreactor containing the test 
material blended with or buried in the compost, CO2 (blank compost) is the average measured mass 
of CO2 evolved from the bioreactors containing blank compost, and CO2 (total) is the total 
theoretical mass of CO2 that would evolve if all the test material were completely respired by the 
compost’s microbiota, as for the following equation:  
𝑪𝑪𝑶𝑶𝟐𝟐 (𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴)(𝒈𝒈) = 𝑪𝑪%  ∗ 𝒎𝒎 ∗
𝟒𝟒𝟒𝟒 (𝑪𝑪𝑶𝑶𝟐𝟐 𝒎𝒎𝑴𝑴𝑴𝑴𝑴𝑴𝒄𝒄𝒎𝒎𝑴𝑴𝑴𝑴𝑴𝑴 𝒎𝒎𝑴𝑴𝒄𝒄𝒄𝒄)
𝟏𝟏𝟐𝟐 (𝑪𝑪 𝑴𝑴𝑴𝑴𝑴𝑴𝒎𝒎𝑴𝑴𝒄𝒄 𝒎𝒎𝑴𝑴𝒄𝒄𝒄𝒄)
    (3) 
where C% is the mass percentage of carbon (inferred from the formula or measured by means of a 
CHN elemental analysis) and m is the sample mass. 
ASTM D6400 (Standard Specification for Labeling of Plastics Designed to be Aerobically 
Composted in Municipal or Industrial Facilities) states that a plastic polymer can be defined 
biodegradable if it reaches 90% of mineralization, absolute or with respect to the positive control, 
in a time range between 45 and 180 days during the biodegradability test in composting conditions 
[339].  
In Article 3, a biodegradability test under thermophilic conditions (composting, at 58 °C) was 
carried out using compost from municipal waste. The standard protocol ASTM D5338 (Standard 
Test Method for Determining Aerobic Biodegradation of Plastic Materials Under Controlled 
Composting Conditions, Incorporating Thermophilic Temperatures) was followed and the CO2 
evolving from the compost blended with the materials of interest was monitored for 98 days. A 
phytotoxicity test ensued (see next paragraph). Furthermore, in Article 3, a biodegradability test 
under mesophilic conditions (at 25 °C) was performed, too: the O2 consumed by compost blended 
with the materials of interest was monitored for 97 days. 
4.8.3 CHNS Elemental Analysis and Inorganic Carbon Analysis 
The CHNS elemental analysis is a technique to determined carbon, hydrogen, nitrogen and sulphur 
in organic matrices in the field of pharmaceuticals, polymers as well as environmental and food 
science.  
Such an analysis entails burning the sample in pure oxygen at 920 – 980 °C under static conditions 
(introduction of a fixed volume of oxygen). Carbon is converted to carbon dioxide, hydrogen to 
water vapor, nitrogen to nitrogen oxides (NOx) and sulphur to sulphur dioxide. An inert gas such 
as helium sweeps the combustion gases out of the combustion chamber. Such gases pass over high 
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purity copper heated at approximately 600 °C, which assures the removal of any oxygen that did 
not react during the initial combustion as well as the conversion of any oxides of nitrogen to 
molecular nitrogen gas. Subsequently, the gases flow over absorbent traps in order to leave only 
carbon dioxide, water, molecular nitrogen and sulphur dioxide. If sulphur determination is not 
required (as in our case), its combustion products will be removed by the absorbents, too. The 
different gases are separated by gas chromatography and their amount is quantified by thermal 
conductivity detectors [340].  In Article 3, the CHN analysis, carried out by Galbraith laboratories 
(TN, USA), was used to determine the mass percentage of carbon (C% of equation 3) of the 
materials of interest, for the computation of the biodegradation levels.  
The Inorganic Carbon Analysis was carried out by Galbraith laboratories on Sepia Melanin 
extracted from cuttlefish ink, in Article 3. This analysis aimed at assuring that no traces of inorganic 
carbon (carbonates) were present in the pigment extracted, given the marine biological medium 
from which it was extracted. Such method determines bicarbonate ion and carbonate ion 
concentrations in a sample. Carbon dioxide evolves from the sample through acidification (1 N 
HClO4 or 2 N H2SO4) and heating at approximately 50 °C, following a procedure established in 
the literature [341]. Carbon dioxide-free nitrogen sweeps the evolved carbon dioxide through a 
scrubber and into an absorption cell, which automatically titrates with a coulometer, as explained 
in [342].  
4.8.4 Phytotoxicity Test  
Biodegradability is only one of the three criteria to define a plastic material compostable, the other 
two being disintegration (maximum 10% of its original dry weight remains after sieving on a 2.0-
mm sieve after 84 days of biodegradability test in composting conditions) and ecotoxicity. 
Ecotoxicity, also known as “terrestrial safety”, refers to the impact that the material has on the 
quality of the compost as a fertilizer. To put it in simple terms, an ecotoxicity test evaluates whether 
the material “transferred toxicity” to the compost. It is based on two analyses carried out on the 
compost blended with the test material at the end of the ASTM D5338 test: the measurement of the 
concentration of certain elements (mostly metals) and a phytotoxicity test (planting seeds and 
evaluating the plant germination and growth) [343].  A phytotoxicity test was carried out, following 
an internal protocol of the Aquatic and Crop Resource Development Group of the Canadian 
Research Council, adapted from the OECD Guideline 208 (Terrestrial Plant Test: 208: Seedling 
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Emergence and Seedling Growth Test) in Article 3, to determine if the materials tested transferred 
toxicity to the compost during the biodegradability test at 58 °C.  
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 ARTICLE 1: RESISTIVE SWITCHING CONTROLLED 
BY THE HYDRATION LEVEL IN THIN FILMS OF THE BIOPIGMENT 
EUMELANIN 
Article 1 has been published in the Journal of Material Chemistry C on September 21st, 2016. The 
Supplementary Information is provided in Appendix A.  
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5.2 Introduction 
Melanins are abundant pigments in the biosphere [113], endowed with a vast set of interesting 
properties, notably thermoregulation, photoprotection, metal ion-chelation, and free radical 
quenching [344], as well as antioxidant functions [69].  
Eumelanin is a black-brown subgroup of melanins [2], whose building blocks are 5,6-
dihydroxyindole (DHI) and 5,6-dihydroxyindole-2-carboxylic acid (DHICA) [19], [31], [344]. 
Between four and eight of these building blocks form planar, covalently-bonded oligomers 
(protomolecules), which stack non-covalently via π-π interactions [27], [31], [345]–[347]. Its 
humidity dependent electrical conductivity, once studied in the context of amorphous 
semiconductivity [109], has been recently reinterpreted as an electronic-ionic (protonic) mixed 
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conduction [113], [114]. Other intriguing features are radioprotection [348], immunomodulatory 
activity [349], biodegradability and biocompatibility [126]. 
 
In humans, eumelanin  can be found in the skin, hair, middle ear, retina and heart [350], [351]. 
Considerable attention has been paid to the involvement of eumelanin in the accumulation and 
release of metal cations in the human body [352]–[355].  Zinc [352], [354], [356]–[361], copper 
[356], [357], [359], [360], [362]–[364], calcium [353], [361], [365], manganese [366], [367], iron 
and heavy metals [359], [360], [368]–[372] bind in vivo to eumelanins. Depending on the pH and 
the type of eumelanin (natural or synthetic), the phenolic hydroxyls, amine or carboxylic groups of 
the indolic building blocks have been reported to be preferential binding sites for metal cations 
[28], [373]. Particular efforts have been made to understand the binding of iron to neuromelanin 
[374]–[383], a subclass of melanin that accumulates within the dopaminergic neurons of the 
substantia nigra of the brain [384], since iron has been reported in such neurons only in the case 
of  Parkinson’s disease [385].   
While the interactions of eumelanin with free metal cations have been extensively studied [70], 
only recently attention has been paid to the interfaces between thin films of the pigment and metal 
electrodes [210], mainly due to the well-known limited solubility of eumelanin in common organic 
solvents [107]. The formation of tree-shaped electrically conductive bridges (dendrites) has been 
observed in hydrated eumelanin thin films included between gold electrodes, in planar 
configuration, under electrical bias [210]. Dendrites form by the dissolution of the positively biased 
Au electrode and migration of gold nanoclusters to the negative electrode, where they are reduced, 
forming dendrites, which grow towards the positive electrode. A dramatic drop in the resistivity 
takes place when the first dendrite bridges the electrodes (resistive switch, RS) [210].  
Electrochemical metallization memory cells (ECMs), also called conductive bridge random access 
memories [133], are a class of Resistive Random Access Memories (ReRAM) [134], [135], which 
in turn are non-volatile memories [135]. The working mechanism of ECM is based on the formation 
of conductive filaments under bias: the active electrode dissolves generating cations that migrate 
through a solid electrolyte (ion conductor) to be reduced at the counter electrode, where the 
conductive filament nucleates [135]. The prospects of ReRAMs are low power consumption [134], 
[136]–[138], good reliability [133] as well as fast response time [133], [136], multilevel data 
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storage [133], [136], [139] and high density [134]. Furthermore, filamentary-based systems can 
lead to nanoscale memory devices, because the switching takes place in highly localized regions, 
highlighting the ease of miniaturization [386]. Organic and polymeric switching memories, a 
subclass of ReRAMs, have become an emerging technology that could complement conventional 
memory technologies [387]–[390]. They feature advantages such as stackability [391], scalability 
[149],  flexibility [142]–[148], [392], optical transparency [144], printability [142], [149] and offer 
the possibility of tuning electrical and physical properties by means of molecular design and 
chemical synthesis [150], [151] for low-cost [153] and high density [135], [152] memory 
applications. Organic polymers, possibly including salts, well-established organic electronics 
polymers and small molecules have been used in conductive bridge memories [140], [153]–[157], 
[392]–[399].  
Recently, interest in biomaterials for memories has increased in the context of green (sustainable) 
or biocompatible electronics [400].  Silk fibroin [400]–[403], egg albumen [404], cellulose [146], 
chitosan doped with Ag [145], [148] are examples of biomaterials that have been used in cells with 
conductive filament resistive switching. Interestingly, eumelanin presents both ion conduction 
[108] and metal binding properties [70], features that promote the formation of metal filaments in 
polymers included between metal electrodes [389].  
The analogies between the phenomenon of dendrite growth in eumelanin films and the working 
mechanism of ECMs hints that the elucidation of metal-eumelanin interactions under bias may 
open technologically oriented studies e.g. where eumelanin can be used as ion conductor in ECMs 
with its characteristics of biodegradability [126] and biocompatibility [107].   
In this work, we report on transient electrical measurements in planar configuration on eumelanin 
thin films (Au/eumelanin/Au systems) at different experimental conditions, such as different 
relative humidity (RH) levels and hydration times. Planar systems are crucial for the investigation 
of the filament growth and, consequently, for the future development of stacked (vertical) resistive 
switching devices [398]. Scanning electron microscopy (SEM), atomic force microscopy (AFM) 
and time of flight-secondary ion mass spectrometry (ToF-SIMS) gave insights on the morphology 
and chemical composition of the filaments that formed in the hydrated films upon electrical bias 
as well as on the different types of resistive switch observed. 
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5.3 Experimental 
5.3.1 Sample Preparation 
Synthetic (Sigma) eumelanin and natural (Sepia) eumelanin (extracted from the ink sac of a 
cuttlefish) were purchased from Sigma Aldrich (Canada) and had a chloride Cl- content of 
respectively 0.83±0.04% wt. and 6.92±0.35% wt., as measured by nuclear activation analysis 
(NAA).  DMSO-melanin was synthesized by the group of Prof. C. Graeff, São Paulo State 
University – UNESP following a procedure reported in the literature [310] (chloride Cl- content of 
0.10±0.01% wt., as measured by NAA). 
Eumelanin was dissolved in dimethyl sulfoxide (DMSO) sonicated and filtered (0.1μm PTFE 
membrane with polypropylene housing, 25 mm diameter, PURADISCTM), to yield suspensions of 
15 mg/mL, approximately (as some eumelanin aggregates may have been trapped in the filter). 
NaCl was added to some of the 15mg/mL suspensions of eumelanin in DMSO in concentrations 
of 0.8mg/mL and 1.8mg/mL (Table S1).   
The substrates (SiO2 on Si) were purchased from Silicon Quest International (San Jose, California, 
USA), thickness 525±25μm. The Au electrodes were deposited by e-beam evaporation and 
photolitographically patterned on the substrates (5 nm of Ti as the adhesion layer and 30 nm of 
Au). The width of the electrodes was 4 mm, and the interelectrode distance was 10 μm. Prior to 
film deposition, the patterned substrates were cleaned in an ultrasonic bath with acetone, 
isopropanol, and de-ionized water, and then underwent a 10 min UV-ozone treatment. The thin 
films were spin coated (1 minute at 1000 rpm followed by 30 seconds at 4000 rpm) and hydrated 
in a Cole-Parmer Mini humidify/dehumidify chamber (03323-14), which includes an automatic 
humidity controller and an ultrasonic humidification system. Controlled humidity ranged from 5 
to 95% with programmable controller set-points.  
5.3.2 Electrical Measurements  
The electrical measurements were performed with a Source Measure Unit (SMU), Agilent 2900A, 
with Quick IV Software for data recording. The confinement of the DMSO drops during transient 
current measurements was achieved by means of a well of Polydimethylsiloxane (PDMS).  The 
evaluation of the resistance after 5-10 months of storage was made with voltage sweeps (each cycle 
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included three ramps: 0 V - maximum voltage, maximum voltage–minimum voltage,  minimum 
voltage - 0 V) at combinations of the following conditions: 90% RH and at ambient RH (25%), at 
different sweep rates (0.2mV/s, 2 mV/s, 200 mV/s and 2 V/s), in different voltage ranges (- 1 V to 
1 V, - 2.5 V to 2.5 V, -5 V to 5 V, -10 V to 10 V), and, for the fastest sweep rates (200mV/s and 
2V/s) for 102 cycles.  
5.3.3 Other Characterization Techniques 
Atomic force microscopy images were taken with a Dimension 3100 with Nanoscope V (Digital 
Instruments, Santa Barbara, California, USA) with Si (model:ACTA) probes (tip radius <10 nm, 
spring constant 42 N m-1) in tapping mode. The same microscope was used to measure the 
thickness: once a scratch had been done on the side of the interelectrode area, parallel to the 
channel, the thickness was then obtained from the profile of the scratch.  
The measurements of the thickness by Spectral Reflectance were kindly carried out by the company 
Filmetrics (New York, USA), by means of a F40-Thin Film Analyzer. 
Scanning electron microscopy was performed with a Microscope JEOL JSM7600F; all the images 
were taken in Secondary Electron Mode (SEM Voltage specified for each image). Samples were 
not metallized, unless otherwise stated. The EDX spectra were taken at the same microscope, 
Software: Aztec (Oxford), Detector: x-Max (80 mm2) (Oxford), at 5kV. 
Raman measurements were carried out using a Renishaw Invia reflex confocal Raman microscope 
with a CCD detector. Raman spectra were collected at room temperature with 10% of maximum 
laser power, 30 s exposure time and five accumulations in static mode. A 1800 lines mm−1 grating 
was used in conjunction with 25 mW, 488 nm laser lines, focused on the samples using a 50X 
objective lens.  
Nuclear activation analysis was performed with a SLOWPOKE nuclear reactor (Atomic Energy of 
Canada Limited) and a Ge semiconductor gamma-ray detector (Ortec, GEM55185). The samples 
were irradiated for 600 s at a thermal neutron flux of 5.4 × 1011 cm− 2 s−1. Gamma rays were detected 
after 120 s, for 600 s, at a distance of 35 mm. Time-of-flight secondary ion mass spectrometry 
(ToF-SIMS) analyses were performed using a TOF-SIMS IV (IONTOF, GmbH, Münster, 
Germany). Bi3+ cluster ions at 25 keV were used as primary ions in burst alignment mode to obtain 
55 
high resolution ion mappings over areas of 50 μm x 50 μm. The pulsed ion current was 0.06 pA 
with a pulse width of 100 ns. Images were accumulated for 1000 s.  
5.4 Results and discussion 
5.4.1 Dendrite Formation Time 
Transient current measurements performed at 1 V on films of synthetic eumelanin (hereinafter 
referred to as “Sigma eumelanin”), hydrated for 1 hour at 90% RH, revealed that, in about 40% of 
the cases, at least one dendrite bridged the interelectrode distance in a time range between 30 and 
60 minutes. This standard resistive switch showed an ON/OFF ratio of ~104 (ratio between the 
electric current measured after (ON) and before (OFF) the electric resistive switch, Figures S1 and 
S2, Table S2). In the other cases, AFM and SEM images revealed that the process of dendrite 
formation was ongoing for biasing times longer than 1 hour. In particular, three different samples 
biased for times ≥3 hours (3 h, 15 h and 27 h) showed that the longer the biasing time, the closer 
was the sample to a resistive switch: after 15 hours, the dissolution of the positive electrode -and 
consequently the number of nanoclusters in the channel- was greater than after 3 hours and, after 
≈ 28 hours, dendrites protruded from the negative electrode (Figure 5.1).    
Although the average thickness of the samples where a resistive switch took place in the first hour 
of bias (27±7 nm) was higher than the average thickness of the remaining samples (18±10 nm), we 
could rule out the thickness as a factor determining a higher probability of resistive switch, due to 
(i) the absence of a trend of the thickness with respect to the time to resistive switch (Figure S3) 
and (ii) samples having a thickness in the same range showing different biasing effects (e.g. for 3 
samples with 30 nm thickness, we observed a resistive switch after half an hour, a resistive switch 
after one hour and material migration still ongoing after 15 hours).  
The key parameter that likely differentiate the two sets of thin films (one with resistive switch in a 
time scale of 1 hour and the others with dendrite formation process still ongoing over time scales 
as long as 28 hours) is the suspension from which they were spin coated.  We can tentatively 
hypothesize that the time required for dendrite formation dramatically depends on the local film 
morphology (that is, the arrangement of eumelanin nanoaggregates that make up the film), which 
may vary from sample to sample depending upon the nature of the suspension. Indeed, different 
suspensions of eumelanin in the solvent DMSO, at a concentration of 15 mg/mL, may include 
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nanoaggregates with different supramolecular aggregation, size and shape [405], due to the well-
established  limited solubility of eumelanin in common organic solvents [107].  
 
Figure 5.1 AFM images: (a) 25 μm × 25 μm, interelectrode area of a thin film of Sigma 
eumelanin, hydrated for 1 hour at 90% RH and biased at 1 V for 3 hours: nanoclusters form; (b) 
25 μm × 25 μm, interelectrode area of a thin film of Sigma eumelanin, hydrated for 1 hour at 
90% RH and biased at 1 V for 15 hours: nanoclusters migrate towards the negative electrode; (c) 
18 μm × 18 μm, interelectrode area of a thin film of Sigma eumelanin, hydrated for 1 hour at 
90% RH and biased at 1 V for ≈ 28 hours: dendrites grow from the negative electrode towards 
the positive electrode. 
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In some cases, the local morphology of the thin films may be more favorable to gold nanocluster 
formation and migration than others, providing a preferential direction for the growth of the 
dendrite (straight rather than lateral) (Figure S4). We can conclude that, for thin films of Sigma 
eumelanin, the phenomenon of dendrite formation takes place in each sample but its kinetics cannot 
easily be foreseen.    
5.4.2 Effects of the Hydration Time 
In order to study the influence of the hydration time on the process of formation of the dendrites, 
transient current measurements were performed on thin films hydrated for times longer than 1 hour. 
The time frame between the fabrication of the thin film and the start of the electrical measurements, 
during which the thin film is exposed to a certain RH level and consequently absorbs water, plays 
a major role in the dendrite formation: the longer is time, the higher is the uptake of water, up to a 
saturation limit, with a logarithmic increase [123].  
The water content is expected to have a dichotomous role: up to a certain amount, a favorable 
effect, in terms of faster migration of metal cations [399], and above such amount a detrimental 
effect, in terms of instability (delamination) of the thin films.  
A thin film obtained from the same suspensions that yielded slow dendrite formation was hydrated 
for 4½ days at 90% RH (instead of 1 h). The length of the largest dendrites was one half of the 
ones observed in a thin film hydrated for 1 hour (Figure S5). Between 1 hour of hydration and 4 ½ 
days, the logarithmic law that describes the water uptake for Sigma eumelanin powders at 90% RH 
[123] predicts that the water content increases from approximately 13% wt. to 19% wt.  We 
tentatively propose that this increase in the water content triggers the onset of the destabilization 
of the films, in turn explaining the slower process. 
The delamination phenomenon could also explain why a thin film with a hydration time of 14 days 
(water content foreseen of 21% wt.) does not show any dissolution of the positive electrode (Figure 
S6).  
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5.4.3 Effects of Chloride Content and Eumelanin Type (Natural Eumelanin 
and DMSO-melanin)  
In order to investigate the influence of the chloride content, expected to play a role in the dissolution 
of the gold electrodes and intrinsically present in biological materials, transient current 
measurements were performed on thin films of Sigma eumelanin after addition of chlorides (Sigma 
eumelanin as received contains moderate amounts of chlorides, approximately 1% wt.). 
Intermediate and high chloride contents, respectively 4% wt. and 8% wt., were considered (Table 
S1). In contrast to as-received Sigma eumelanin, the time to resistive switch ranged between 6 and 
14 minutes for films with intermediate Cl- amount and between 2 and 7 minutes for thin films with 
high Cl- amount.  In this latter case, at points in the positive electrode facing dendrites growing 
from the negative electrode, it is visible that a dissolution is taking place, leaving “coves” (Figure 
5.2).  
 
Figure 5.2 SEM image of the dendrite bridging one electrode to the other in a thin film of Sigma 
eumelanin with high Cl- content (1h½ hydration at 90% RH). The resistive switch took place 
after 3 minutes and the biasing voltage (1 V) was applied for 42 minutes. The sample was 
metallized (2 nm Au on the surface) prior to imaging. Image taken at 20 kV. 
 
The chemical composition in the coves is similar to that of films in the middle of the interelectrode 
region, as indicated by Energy-dispersive X-ray spectroscopy (EDX). The EDX spectra show the 
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same intensity of the peaks of C, Si and O, and a negligible Au peak (most likely due to the 
metallization layer) compared to areas where there are structures made of gold (such as the body 
of the dendrites and the electrodes). Furthermore, the coves are surrounded by gold-free holes 
resulting from the migration of the oxidized gold. As the border of the coves expand with the 
advancement of the oxidation of Au, such holes may eventually merge with the coves contributing 
to their growth. The presence of coves at the positive electrode is similar to recent observations for 
planar Ag/AgClO4-PEO/Ag [393] and Ag/AgClO4-PEO/Pt [398] systems. For thin films with high 
chloride content, a few cases of late resistive switching pointed again to the role played by the local 
morphology of the films on the switching process (Figures S7-S8).  
Transient current measurements at 1 V were also performed on Sepia eumelanin thin films. Sepia 
eumelanin has a content of Cl- of about 7% wt. As for synthetic eumelanin, the time to resistive 
switch varied depending on the suspension from which the thin film was spin coated (between 1.5 
and 40 minutes). Sepia eumelanin thin films appeared to coexist with Sepia eumelanin granules 
(Figure S9), spherical or with a toroidal-like shape, with a bimodal size distribution (average 
diameters of 9±3 μm and 2±1 μm) [33], [406]. Such granules made the surface of Sepia eumelanin 
too rough for thickness measurements both by means of atomic force microscopy and spectral 
reflectance. Dendrites were observable within the interelectrode region in locations where granules 
were not present (Figure S10). It can be tentatively concluded that such granules are laying on a 
thin film of Sepia eumelanin. The film likely comprises fragments detached from the larger 
aggregates during the sonication; such a film was likely too thin to give a Raman spectroscopy 
signal but thick and continuous enough to promote the formation of the dendrites. 
Sepia eumelanin showed, on average, longer times to resistive switch than Sigma eumelanin with 
high chloride content. As the two types of eumelanin have similar chlorides levels, this difference 
may be explained considering that Sepia eumelanin contains significant amounts of cations (Mg2+, 
Ca2+, Na+ [406] as well as K+ [407] and most of the first transition metals, especially Fe3+ [406], 
[408]) which may slow down the conductive bridge growth e.g. because the chelating sites may be 
already occupied. 
Finally, it can be tentatively stated that the higher the chloride content, the more localized is the 
dissolution of the positive electrode and the faster is the resistive switch (Table S3). 
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The role of the catecholic hydroxyl groups of eumelanin was elucidated replacing, as the material 
in the channel, Sigma eumelanin with DMSO-melanin (that partially lacks such groups) [310] with 
intermediate and high Cl- levels. We found out that for biasing times as long as 12 hours there was 
no dissolution of the Au electrodes likely because of the low content of catecholic hydroxyl groups 
in DMSO-melanin (Figure S11) [310]. 
Concerning the effect of DMSO, the solvent used for film processing, transient current 
measurements carried out on drops of DMSO confined between Au electrodes revealed that a 
DMSO drop without any addition of Cl- does not cause the dissolution of the positive electrode, 
for biasing times as long as 19 hours at 1 V (Figure S12). However, for amounts of Cl- in DMSO 
similar to the high and intermediate amounts of Cl- studied for Sigma eumelanin, nanostructures 
made of little spheres and composed by Au and C (as revealed by EDX) protrude from the negative 
electrode (Figure S13). As these nanostructures do not resemble trees (dendrites), this may point 
out that in DMSO the growth of nanostructures is not diffusion limited, as it happens in eumelanin 
thin films (Table S4).  
5.4.4 The Combined Effect of Cl- and Voltage  
For a biasing voltage of 0.7 V, in the samples with intermediate Cl- concentration, the positive 
electrode was not dissolved or there was very little dissolution. For thin films of Sigma eumelanin 
with high chloride content, the dendrite formation process takes place at voltages as low as 0.7 V: 
dendrites may be observed after 3 hours of electrical bias (Figure 5.3). However, their morphology 
is different from that of dendrites formed at 1 V: their branches are very thin and very close 




Figure 5.3 SEM image of a dendrite growing in a thin film of Sigma melanin (8% wt. Cl-), 
hydrated for 1 hour at 90% RH and biased at 0.7 V for 3 hours. No dendrite bridged the 
electrodes during the 3 hours of the measurement. Image taken at 10 kV. 
5.4.5 The Combined Effect of Cl- and Hydration Times Longer than 1 hour  
The slowing down effect of hydration treatments longer than one hour is also confirmed for thin 
films with an intermediate Cl- amount in Sigma eumelanin.  A thin film hydrated for five days 
showed only nanocluster formation, no dendrite growth and no resistive switch. Nevertheless, for 
films of Sigma eumelanin with high chloride concentration, both after three hours of hydration and 
24 hours of hydration (water content of respectively 14.8±0.1% and 16.7±0.9% wt.) [123], a 
resistive switch takes place in the same time range of that of most of the thin films hydrated for 
one hour (2-7 minutes). Sepia eumelanin behaved differently. After 3 hours of bias, no dendrite 
bridged the electrodes (but several were growing) for a thin film hydrated for 3 hours. This is in 
agreement with the higher tendency of Sepia eumelanin to absorb H2O (Figure S15), which may 
promote a destabilization of the thin film for hydration times shorter than for Sigma eumelanin. 
5.4.6 Different ON/OFF Ratios for Different Hydration Levels  
In order to shed further light on the effect of the water uptake on the process of dendrite formation, 
transient current measurements at constant biasing voltage, 1 V, were carried out at relative 
humidity levels lower than 90% and hydration time of one hour on thin films of Sigma eumelanin 
with high chloride content and Sepia eumelanin. In particular, 48%, 60%, 70% and 80% RH levels 
were tested.  
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At 70% and 80%RH (water content of approximately 10.3±0.1%, and 10.8±0.3%, respectively) 
[123], a new type of resistive switch was observed (Figure 5.4). Whereas at 90% RH the ON/OFF 
ratio is ~104 (standard resistive switch), in this case the current increases by only 2-3 orders of 
magnitude (Table S2) and then follows a double exponential decay with two different time 
constants (Figure 5.4 c). We call this new type of behavior hybrid resistive switch.  
 
Figure 5.4 (a) and (b) SEM images of dendrites bridging the two electrodes in two thin films of 
Sigma eumelanin (8% wt. Cl-), hydrated for 1 hour at ≈ 80% RH and biased for 1 hour at 1 V. A 
hybrid resistive switch takes place after ≈4 minutes (a) and ≈12 minutes (b) of biasing. Images 
taken at 5 kV(a) and 10 kV (b); (c) Current-time plot for sample (a); (d) Zoom of the current-time 
diagram after the occurrence of the hybrid resistive switch: the dotted line represents the double 
exponential law that fits the trend I(t)=I0+I1e^[–(t-trs)/τ1] + I2e^[–(t-trs)/τ2], where I0  is 6.2554e-7 
A, I1  is 5.8985e-6A, τ1 is 0.553 min, I2 is 2.0187e-6 A, τ2 is 5.892 min and trs is the time to the 
hybrid resistive switch (4.07 min). 
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In order to confirm that the hybrid resistive switch was related to the water uptake, we performed 
a transient current measurement at 1 V on a thin film of Sigma eumelanin (Cl- 8% wt.) that had 
been hydrated for only half an hour at 90% RH (with a water content expected to be within the 
range of water absorbed after 1 hour at 70% and 80% RH, Table S5) [123]. The results confirmed 
a hybrid resistive switch after 11 minutes of bias (Figure S18). Approximately 12% wt. (water 
content after one hour-hydration at 90% RH) can be taken as the threshold amount below which 
the dendrites do not show four orders of magnitude of current increase (standard resistive switch).  
To shed light on the phenomenon of the hybrid resistive switch, time-of-flight secondary ion mass 
spectrometry (ToF-SIMS) was used, to investigate the dendrite composition. We computed (i) the 
ratios of the intensities of the peaks related to eumelanin fragments (CxN, CNO, C3NH, C6, 
CyH3NO2, x=[2,3,5,7], y=[4,6,8] ) to the intensity of the peak related to Au (Au-) and (ii) the peak 
intensity ratios MAux (x ≥ 2)/MAu (where MAux is a eumelanin-Au complex, that is CNAux, 
CNOAux, C3NAux, with x≥2). Both ratios (i) and (ii) were higher for the dendrite that showed a 
hybrid resistive switch than for the dendrite that caused a standard resistive switch (Figure S19, 
Table S6 and Table S7). In other words, the dendrites that sustained higher current contain purer 
gold. As a consequence, it can be hypothesized that the dendrites that caused a standard resistive 
switch are able to sustain a higher current because they contain a more continuous metal backbone, 
whereas the other type of dendrites is more of a hybrid metallic-organic structure. 
Sepia eumelanin show a standard resistive switch at RH levels as low as 70%; this result confirms 
that it is the relative humidity (and, as a consequence, the water content) which is responsible for 
the two different types of ON/OFF ratios: indeed, at 70% RH Sepia eumelanin absorbs more water 
than synthetic eumelanin does at 90% RH for the same hydration time (Figure S15) [123]. Results 
at RH levels lower than 70% are available in the SI (paragraph “Hydration at 48% and 60% RH”, 
Figures S16 and S17). A synoptic image of the phenomena taking place at the interface between 
gold electrodes and eumelanin thin films under electrical bias as well as details of the ON/OFF 










Figure 5.5 (a) Diagram of the phenomena taking place at the interface between thin films of 
different types of eumelanin and gold electrodes, for 1 hour-hydration at 90% RH, at different 
biasing voltages (in parentheses the probability). (b) Scheme representing how the water level 
influences the type of resistive switch for Sigma eumelanin with 8% wt. Cl-. Between 
approximately 12% wt. and 19% wt. a standard resistive switch occurs (ON/OFF ratio ~104); 
below 12% wt., a hybrid resistive switch takes place (ON/OFF ratio ~102) whereas, above 19% 
wt., the resistive switch is hindered by the thin film destabilization. 
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5.4.7 Attempt to Erase the Dendrites  
For technological applications, the possibility of forming the conductive bridges is as important as 
that of annihilating them.  
Attempts to erase the dendrites (that is, open them in order to interrupt the bridge between the 
electrodes) and bring the system back to the high resistive state were made. As the thin films of 
Sigma eumelanin with high chloride content had shown the best reproducibility in terms of time to 
resistive switch, they were used for the erasing attempt.  
One test was chosen as representative: the thin film was hydrated for 1 hour at 90% RH, then biased 
for 12 minutes at 1 V (direct bias, during which the resistive switch occurred after 6 minutes) and 
finally for 12 hours at -1 V (reverse bias). The dendrites were not erased by reversing the biasing 
voltage. Nevertheless, some of them appeared partially consumed and discontinuous in some points 
along their bodies (Figure S20). The current during the reverse bias step was always of the order 
of mA (low resistive state after the resistive switch), confirming that only a fraction of the dendrites 
had been affected. 
Moreover, some sides of the “branches” of the dendrites that were directly in front of the positive 
electrode after biasing voltage inversion look brighter in the SEM image, i.e. thicker, suggesting 
that the positive electrode after the biasing voltage inversion was dissolving and the material 
generated by its dissolution was accumulating on those branches (Figure S20). Small dendrites 
were nucleated on the negative electrode after biasing voltage inversion (Figure S21).  
The results were confirmed by an experiment in which the dendrite formation was promoted by a 
sweeping (not constant) voltage (2 mV/s, initial and final voltage of each cycle = 0 V, max 2.5 V, 
min -2.5 V, 15 cycles), during which each electrode switched from positive to negative (and, 
consequently, from being the one consumed to the one towards which nanoclusters migrate) for 15 
periods. In the interelectrode area dendrites protruding from both sides may be noted, some of 
which meet “half way” in the middle of channel. Rather than being akin to trees, these structures 
resemble leaves, perhaps due to the fact that they received nanoaggregates from both sides (both 
electrodes have been consumed) (Figure S22).  
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5.4.8 Retention Time  
In order to evaluate the retention time, i.e. how long the system remained in the low resistive state, 
the samples for which a resistive switch occurred were biased again, with voltage ramps, after a 
period of 5-10 months at ambient temperature and 25% RH.   
The results revealed that samples are able to keep the low resistive state for a period of time as long 
as 10 months, showing a perfect ohmic behaviour, up to voltages as high as |10| V for films ≥ ca. 
25 nm. The resistance of the low resistive state proved to not be influenced by the RH level, sweep 
rates, voltage range and number of cycles (up to 100). This hints to a potential application for Write 
Once Read-Many-Times (WORM)-type memories. For thicknesses below ca. 25 nm, the low 
resistive state was lost. The film thickness, which did not play a role on the time to resistive switch, 
plays conversely a major role in determining the retention time: it can be hypothesized that it 
protects the thin dendrites from degradation due to the contact with the ambient atmosphere. 
Samples with a hybrid resistive switch lost their high conductive state after 10 months in agreement 
with our ToF-SIMS results: as their dendrites contain more eumelanin than the other type of 
dendrites, we suggest that the degradation of the pigment [2] causes the loss of the low resistive 
state. 
5.4.9 Conclusions 
We have found that it is possible to obtain two types of resistive switch, standard (ON/OFF ratio 
~104) and hybrid (ON/OFF ratio ~102), in thin films of the biopigment eumelanin, in planar 
electrochemical metallization cell configuration.  
Using eumelanins from synthetic and natural (the ink sac of the cuttlefish, Sepia) sources, we have 
revealed the complex interplay of factors determining the resistive switch process. These factors 
are: eumelanin hydration level (depending on relative humidity and hydration time), chelating 
groups in the molecular structure of the pigment, electrical bias and content of chlorides 
(commonly present in biological environments and known to promote the formation of gold 
complexes). In particular, if the hydration level is below a lower threshold (12% wt.) the hybrid 
dendrites form. Between 12 and 19% wt., we observe the standard resistive switch. For hydration 
levels higher than 19% wt., the process is slower or does not take place. Our results pave the way 
towards the demonstration of the use of eumelanin as the ionic conductor in electrochemical 
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metallization memory cells. With the aim to enhance the control over the cell switching 
characteristics, work is in progress to improve the chemical control of our eumelanin films, e.g. by 
solid state polymerization of the biopigment building block DHI [289]. Using a two-color electrode 
configuration (e.g. Pt and Au), we aim at demonstrating, in the near future, the possibility of erasing 
the dendrites. Nanoscale memory devices, with a vertical (stacked) configuration, are currently 
under investigation. In addition, the study of the interactions between eumelanin and metal 
electrodes may potentially shed light on the biological functions of the pigment as a metal ion 
chelator. Indeed, Sepia eumelanin has been proved to be a suitable model to study the binding 
properties of neuromelanin [8]. Therefore, the following steps of our research will be the inclusion 
of electrodes made of biologically relevant metals (such as Copper, Iron or Magnesium).  
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 ARTICLE 2: EUMELANIN FOR NATURE-INSPIRED UV-
ABSORPTION ENHANCEMENT OF PLASTICS 
Article 2 has been published in Polymer International on February 6th, 2019.  
Optical images, additional graphs and tables of TGA, UV-visible spectroscopy as well as IR 
spectroscopy are provided in the Supporting Information, in Appendix C.  
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6.2 Abstract 
In the human body, the black-brown biopigment eumelanin blocks the harmful ultraviolet (UV) 
radiation. In the plastics industry, additives are often added to polymers to increase their UV-
absorption properties. We herein report an assessment of the biopigment eumelanin as a nature-
inspired additive for plastics to enhance their UV-absorption. Since eumelanin is produced by 
natural sources and is non-toxic, it is an interesting candidate in the field of sustainable plastic 
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additives. In this work, eumelanin-including films of commercial ethylene-vinyl acetate copolymer 
(EVA), a plastic used for packaging applications, were obtained by melt-compounding and 
compression molding. The biopigment dispersion in the films was improved by means of the 
Melanin Free Acid treatment (MFA). It was observed that eumelanin amounts as low as 0.8% wt. 
cause an increase of the UV absorption, up to one order of magnitude in the UVA range. We also 
evaluated the effect of eumelanin on the thermal and photostability of the films: the biopigment 
proved to be double-edged, working both as UV-absorption enhancer and photo-prooxidant, as 
thermogravimetric analysis (TGA) and infrared (IR) spectroscopy revealed. 
6.3 Introduction 
The absorption in the ultraviolet (UV) region of plastics for packaging applications is paramount 
to protect the underlying wrapped material (e.g. food) [193].. Consequently, UV-absorbers are 
added in order to enhance the UV absorption of polymers and to stabilize them against UV-induced 
degradation [192]. In addition, the resistance to photodegradation is a requirement for plastics used 
in outdoor environments [192]. 
Nature has been confronted with the need of providing a UV-absorber to the organ that “wraps” 
the human body (the skin), as harmful UV rays are part of the solar radiation that reaches the Earth 
[1]. Such a natural UV-absorber, i.e. eumelanin, is a black-brown pigment that can be easily 
recognized, in our daily life, in the different skin complexations [1]. As a matter of fact, eumelanin 
exhibits featureless absorption in the UV and visible ranges (Figure 6.1-A) [409]. It derives from 
the oxidative polymerization of 5,6-dihydroxyindole (DHI) and 5,6-dihydroxyindole-2-carboxylic 
acid (DHICA) (Figure 6.1, B-C) [2].  DHI and DHICA form oligomers differing by number of 
units (up to tens), ratio DHI/DHICA and polymerization sites [75]. Such oligomers stack via π-π 
interactions, forming the so-called protomolecules, that, in turn, assemble in a complex 
supramolecular structure [37]. Eumelanin is widely investigated by both physicists and engineers 
[410]. The biopigment, indeed, features physico-chemical properties such as radical scavenging, 
redox activity, metal ion chelation, and hydration-dependent electrical conduction, all of interest 
for energy storage as well as bio and green electronics [2], [69], [70], [105], [127], [410]–[412]. 
The endeavor towards sustainability in the plastics field has involved not only the polymers but 
also their additives [190]. For instance, green tea extracts, α-tocopherol and other natural materials 
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were proved to be effective anti-oxidants in polymers [413], [414]. In this context, the advantages 
of eumelanin as a natural UV-absorber would be manifold. For instance, eumelanin is bio-sourced 
and non-toxic [125] (one of the requirements of additives for plastics [415]). These two features 
render the use of the biopigment greener with respect to several commercial additives [185]. Large 
scale production of melanin by microorganisms digesting food waste has been reported [416], and 
sustainable extraction from natural fibers (e.g. fleece from alpaca) has been demonstrated [74]. In 
addition, as eumelanin is formed of protomolecules [37], it would be less likely to leach from the 
matrix polymer than small molecule additives [269], [415]. 
Natural eumelanin (Sepia Melanin, extracted from the ink sac of a cuttlefish), fungal melanin and 
polydopamine (a eumelanin-like material) [262] have been assessed as additives to improve the 
UV-absorption properties of polyimide (PI) [194], poly(lactic acid) (PLA) [268] and poly(vinyl 
alcohol) (PVA) [264]. Other works regarding PVA [263] and bisphenol A polycarbonate (PC) 
[265] reported not only the improvement of the UV-absorption properties but also the long-term 
effects of UV irradiation. In such works, the polymer matrix embedding the pigment was protected 
by eumelanin against photodegradation under prolonged UV irradiation [263], [265]. Eumelanin 
was also assessed as a bio-sourced thermal stabilizer for PI [194], PVA [266], [267], 
polyhydroxybutyrate (PHB) [270], poly(methyl methacrylate) (PMMA) [269] and polypropylene 
(PP) [269], as it can scavenge the radicals that form during the thermal degradation of the polymers 
[69], [192]..      
In this work, we evaluated the biopigment eumelanin as an additive for the UV-absorption 
enhancement of a commercial grade of the copolymer ethylene-vinyl acetate, EVA 
(ELVAX®3128-1), used as plastic material for packaging applications (Figure 6.1-D) [417]. Both 
natural Sepia Melanin and two synthetic counterparts based on only one of the two building blocks 
(DHI-melanin and DHICA-melanin) were tested. The relevance of our efforts lays in the feature 
that eumelanin was not merely added as-polymerized or as-extracted nor functionalized [194]. 
Indeed, the dispersion of the biopigment in the polymer matrix was improved by the Melanin Free 
Acid (MFA) treatment. Such treatment opens the biopigment supramolecular structure and 
causes the reduction of the size of the oligomers [80], [418]. Both the π-π stacking featured by the 
supramolecular structure and the size of the oligomers affect the electronic delocalization [418]. 
An extended π-π stacking and a large oligomer size generate extended delocalization, in turn 
leading to the red shift of the optical absorption spectrum [80], [418]. The MFA treatment causes 
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therefore the shift of the eumelanin absorption towards the UV [80], [419]. The assessment 
included the evaluation of possible synergistic or antagonistic effects between eumelanin and the 
thermal stabilizer (butylated hydroxytoluene), already present in the commercial grade EVA 
[420]–[422]. Finally, eumelanin’s UV-absorption properties in nature can have a dichotomous role, 
either photoprotective or photodamaging [95]. The latter effect was suggested to prevail after 
prolonged exposure of the biopigment to UVA radiation (320 – 400 nm) [98]. Consequently, we 
also assessed whether, in the polymeric matrix, the photoprotective or the photodamaging role of 
the biopigment prevails upon prolonged UV irradiation.  
 
Figure 6.1 (A) Featureless UV-visible absorbance of eumelanin (adapted from [409]); Molecular 
structure of the building blocks of eumelanin, (B) DHI (5,6-dihydroxyindole) and (C) DHICA 
(5,6-dihydroxyindole-2-carboxylic acid); (D) Monomer of polyethylene-vinyl acetate copolymer, 
EVA; (E) Phenol, 2,6-bis(1,1-dimethylethyl)-4-methyl- or butylated hydroxytoluene (BHT), a 
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commercial anti-oxidant; (F) 2-hydroxy-4-(octyloxy) benzophenone or BLS®531, a commercial 
UV-absorber. 
6.4 Materials and Methods 
6.4.1 Materials and Processing  
The plastic material studied was a commercial grade ethylene-vinyl acetate copolymer (EVA), 
namely ELVAX®3128-1 from DuPontTM, containing butylated hydroxytoluene, BHT (Figure 6.1, 
D-E). The vinyl acetate content was 9.3% wt. and the melting point 99 °C.  
ELVAX®3128-1 pellets were dried at 60 °C overnight prior to processing. Films of pure 
ELVAX®3128-1 were prepared from the pellets received from the company. The dried pellets 
were melted in a batch mixer (Brabender Plasticorder DDRV501), compression-molded in a hot 
press and stabilized in a cold press (Tables S1-S2-S3). The size of the so-obtained films was 20.1 
cm × 15.0 cm. Such films will be from now on referred to as “control films”. 
Three types of eumelanins were used in this study, two synthetic and one bio-sourced. The two 
synthetic eumelanins were obtained from only one of the two monomers (DHI or DHICA), i.e. 
DHI-melanin and DHICA-melanin. Such synthetic eumelanins were synthesized by a solid-state 
polymerization method already reported in the literature [289]. Natural eumelanin was extracted 
from the ink sac of a cuttlefish (Sepia Melanin), following procedures established in the literature 
[423], [424] (“Sepia Melanin Extraction” in SI). Eumelanin was added to the polymers by melt 
compounding in the batch mixer. The processing parameters to obtain the eumelanin-including 
films were the same as the control films (Tables S1-S2-S3).  
Prior to the addition of eumelanin to the plastics, the Melanin Free Acid (MFA) treatment of 
eumelanin was deemed necessary, in order to properly homogenize the product  obtained by melt 
compounding commercial EVA and eumelanin in the batch mixer [425], [426]. The MFA treatment 
was carried out following existing protocols (“Melanin Free Acid Treatment” in SI and Figure S1) 
[426].  
The lowest amount of eumelanin added to the plastic was 0.2% wt. Higher amounts (0.3% wt., 
0.6% wt. and 0.8% wt.) were tested for synthetic DHICA-melanin that, compared to the other two 
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types (synthetic DHI-melanin and natural Sepia Melanin), has been reported to have lower visible 
absorption and more intense absorption in the UV region [77], [81].  
For the sake of comparison, a commercial UV-absorber, 2-hydroxy-4-(octyloxy)benzophenone, 
also called BP12 [427] (commercial name BLS®531 from Mayzo), was also considered (Figure 
6.1-F).  
6.4.2 Characterizations  
The absorption was measured using a PerkinElmer LAMBDA 1050 spectrophotometer equipped 
with a Labsphere integrating sphere on samples (approximately 2 cm × 3 cm) cut from the center 
of the compression-molded films and placed inside the sphere at a 20-degree angle with respect to 
the incident beam (5 samples for the control films, 3 samples for the films containing the different 
additives). This center-mount setup allowed for the total reflected R and transmitted T radiation to 
be measured simultaneously in the 250-800 nm range and the resulting absorption of the films 
obtained by posing A = 1 – (R + T).  As the films have different thicknesses, an equivalent 
absorption coefficient 𝛼𝛼 was inferred by assuming a Beer-Lambert-like attenuation (“Equivalent 
absorption coefficient” and Figure S2 in SI). The equivalent absorption coefficient of the 
commercial EVA including eumelanin or the commercial benzophenone will be named αADD and 
the equivalent absorption coefficient of the control film αCON. The ratio 𝛼𝛼𝐴𝐴𝐴𝐴𝐴𝐴 𝛼𝛼𝐶𝐶𝐶𝐶𝐶𝐶�   thus indicates 
the relative increase of absorption provided by the additive in the films with respect to the control 
film.  
Thermogravimetric analyses (TGAs) reveal whether the addition of the biopigment shifts the 
degradation temperature towards lower or higher temperatures, due to antagonistic or synergistic 
effects with the anti-oxidant butylated hydroxytoluene present in ELVAX®3128-1. 
Thermogravimetric analyses were carried out in argon and air atmosphere (90 cm3 min−1), at a 
heating rate of 10 °C min−1, in the range of 25 – 600 °C, using a TA Instruments TGA 2950 
thermogravimetric analyser. The onset degradation temperature, Ton, was calculated following 
ASTM E 2550-07, setting 0.1 %/°C as the value for which the initial plateau of the derivative of 
the TGA (DTG) was considered over. The temperature of the maximum rate of degradation is also 
reported. For the average values, 4 samples for the control films and 2 samples for all the other 
cases were considered. 
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To assess whether the absorption enhancement provided by eumelanin (MFA) prevents or favors 
photodegradation, a UV-aging test entailing prolonged UV exposure was carried out. Such test was 
conducted for 144 days in air, at 25 °C, using a lamp of ~10 W⸱m-2 in the 290 nm – 440 nm spectral 
range, with the films held at a 10 cm-distance from the lamp. 
At day 48 and day 144 of UV irradiation, the possible presence of photodegradation products was 
assessed, by means of infrared spectroscopy (IR), UV-visible spectroscopy and thermogravimetric 
analyses. Optical images of the samples were taken at days 0, 48, 96 and 144 of UV irradiation.  
IR spectra of the films were recorded in the attenuated total reflection (ATR) mode using a Bruker 
Optics Tensor 27 FT-IR spectrometer equipped with a HgCdTe detector. Samples were pressed 
against the silicon ATR element of a MIRacle accessory (Pike Technologies). All spectra were 
obtained with a resolution of 4 cm-1 by averaging at least 250 scans. Absorbance was normalized 
with respect to the maximum value of each spectrum. 
6.5 Results and Discussion  
We initially compared the UV-visible equivalent absorption coefficient (i.e. the absorption 
coefficient normalized by the thickness) of the control film (αCON) with that of films including 
eumelanin (αADD). We used both natural Sepia Melanin and two synthetic counterparts based solely 
on one of the two building blocks (DHI-melanin and DHICA-melanin). The addition of 0.2% wt. 
eumelanin  brings about a UV-absorption enhancement, with 𝛼𝛼𝐴𝐴𝐴𝐴𝐴𝐴 𝛼𝛼𝐶𝐶𝐶𝐶𝐶𝐶�  = 6-8 in the UVA and 
UVB regions for the three types of eumelanin (Figure 6.2). 
The peak located at about 285 nm is due to the presence of the anti-oxidant butylated 
hydroxytoluene in the control film (see “Materials and Methods”). Furthermore, two peaks located 
at ca. 320 nm and 370 nm are observable in the films containing eumelanin. Both peaks may result 
from the overlap of the absorption of collections of oligomers [419], [428]. A further contribution 
to the peak at 320 nm could be ascribed to polypyrroles resulting from the peroxidation of 




Figure 6.2 Equivalent absorption coefficient of the control film and films including different 
types of eumelanin 0.2% wt. (A) in the UV range and (B) in the UV and visible ranges. 
 
For applications where color matters, a negligible absorption increase is ought in the visible range 
(𝛼𝛼𝐴𝐴𝐴𝐴𝐴𝐴 𝛼𝛼𝐶𝐶𝐶𝐶𝐶𝐶�  close to 1). In this context, DHICA-melanin and DHI-melanin perform better than 
Sepia eumelanin. For Sepia Melanin,  𝛼𝛼𝐴𝐴𝐴𝐴𝐴𝐴 𝛼𝛼𝐶𝐶𝐶𝐶𝐶𝐶�  keeps increasing in the visible range, up to 
 𝛼𝛼𝐴𝐴𝐴𝐴𝐴𝐴 𝛼𝛼𝐶𝐶𝐶𝐶𝐶𝐶�  = 8 at 800 nm. On the other hand, for applications where a black color is desired, Sepia 
Melanin could represent a bio-sourced alternative to petroleum-based UV-absorbers (e.g. carbon 
black [431]).  
The three types of eumelanin considered in this work were added to the commercial grade EVA 
after the MFA treatment. The MFA treatment causes the opening of eumelanin’s supramolecular 
structure, by the dissociation of eumelanin aggregates into smaller protomolecules [425]. The 
treatment also reduces the oligomers’ length [425]. Both effects reduce the absorption in the visible 
range [80], [419]. The more intense optical absorption in the visible region provided by Sepia 
Melanin with respect to the synthetic eumelanins may be due to the less complex initial 
supramolecular assembly of the synthetic eumelanins, which are easier to “open” by the MFA 
treatment with respect to Sepia [347]. This hypothesis is confirmed by the darker color of the pellets 
and films including Sepia Melanin with respect to its synthetic counterparts (Table S2). It is worthy 
of note that adding an as-polymerized synthetic powder (DHICA-melanin and DHI-melanin) or as-
extracted natural powder (Sepia Melanin) to the batch mixer entailed films with black dots after 
compression molding.  
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As DHICA-melanin has been reported to have lower visible absorption and more intense 
absorption in the UV region [77], [81] with respect to the other two types of eumelanin (DHI-
melanin and Sepia Melanin), higher concentrations of DHICA-melanin were also tested (0.6 and 
0.8% wt.) (Figure 6.3). 
 
Figure 6.3 Equivalent absorption coefficient of the control film and films including different 
DHICA-melanin amounts (A) in the UV range and (B) in the UV and visible ranges. 
 
The absorption coefficient increases more remarkably in the UV range than in the visible range 
with increasing DHICA-melanin amount from 0.2% to 0.8% wt. Such an increase is stronger in the 
UVA, where 𝛼𝛼𝐴𝐴𝐴𝐴𝐴𝐴 𝛼𝛼𝐶𝐶𝐶𝐶𝐶𝐶� = 27 for the 0.8% wt. concentration.  
Overall, the results of Figure 6.2 and Figure 6.3 prove that eumelanin works as a UV-absorption 
enhancer for our commercial EVA. However, the absorption enhancement takes place also in the 
visible range, pointing to the residual presence of some oligomers with a high level of conjugation 
and still assembling via π-π stacking. 
The thermogravimetry in inert atmosphere (Figure S3) of the commercial grade EVA shows an 
initial stage involving the deacetylation of the vinyl acetate fraction [432], with maximum rate at 
≈ 355 °C. Such a step leaves a poly[ethylene-co-(acetylene)] backbone [432] and is followed by 
the degradation of the main chain, i.e. random splitting of the carbon skeleton, with maximum rate 
at ≈ 470 °C. In air, the thermo-oxidative degradation rate is faster. Indeed, the onset degradation 
temperature and the main degradation peak are located at lower temperatures with respect to the 
inert atmosphere (Figure S3) [433]. The thermo-oxidative degradation starts with an initial gain in 
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mass, ascribed to an oxygen uptake by the polyethylene fraction, bringing about the formation of 
alkyl-hydroperoxides [434]–[436]. The subsequent drop is due to the deacetylation [437] and 
thermo-oxidative cleavage of the backbone chains [434]–[436].  
The addition of eumelanin to our commercial EVA, containing the anti-oxidant butylated 
hydroxytoluene, leaves both the onset degradation temperature and the main degradation peak 
unaltered (Figure S3). Eumelanin, in the MFA form, did not show any antagonistic nor synergistic 
effects with the butylated hydroxytoluene stabilizer, as it does not interfere with the thermal nor 
thermo-oxidative stabilization imparted by such a stabilizer. On the other hand, it has been reported 
that other polymers loaded with eumelanin presented higher degradation temperatures, suggesting 
thermal stabilization imparted by the biopigment [194], [266], [267], [269], [270]. As this effect 
was associated in the literature to the radical scavenging properties of the biopigment [194], [266], 
[267], [269], [270], we make the hypothesis that the Melanin Free Acid treatment reduced the 
radical scavenging power of eumelanin. This reduction following the MFA treatment has already 
been reported in the literature [90], [97], [438], [439]. 
The long-term effects on our commercial EVA of the UV-absorption enhancement were then 
evaluated by means of a UV-aging test. Findings from both medical doctors and physicists point 
to a dichotomous role, either photoprotective or photodamaging, conferred to eumelanin by its 
broad UV-absorption [95]. When eumelanin converts the energy of the photons into heat 
(photothermal effect), it can act as a photoprotector [78], [440]. This is the effect by which UV-
absorbers protect polymers against photo-oxidation [420]. Another photoprotective path entails the 
quenching of reactive oxygen species (ROS) generated upon UVA irradiation [92]–[94]. However, 
a prolonged exposure to UV could lead to eumelanin photodegradation [92], [441], with fission of 
the indolequinone moiety. Such photo-induced chemical modification of eumelanin’s building 
block can result in the loss of its radical scavenging abilities [98]. In that case, eumelanin can 
become a pro-oxidant [97].  
To chemically identify possible photo-oxidation products in the control films during the UV-aging 
test, IR spectroscopy was used. The IR spectra revealed that the prolonged UV irradiation caused 
photodegradation of the control film, with the appearance of photo-oxidation products: in the first 
time range of UV-aging (48 days), only at 1715 cm-1 (carbonyl groups of ketones [442]–[448]), 
and, in the time frame 48 – 144 days, also at 1780 cm-1 (γ-lactone) [447], [449], 1170 cm-1 (C-O 
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stretching of a backbone ester) [450] and 909 cm-1 (vinyl groups) [450], [451] (Figure S4). Such 
photo-oxidation products are common to the photodegradation of the polyethylene fraction and to 
the UV-induced elimination of the vinyl acetate [452]. Because of such an elimination process, the 
intensity of the bands of the photo-oxidation products increases with time with respect to the 
intensity of the vinyl acetate band at 1740 cm-1, which decreases with irradiation time (Table S4) 
[452].  
In line with the IR results, the UV-visible absorption spectra of the control films, after UV-aging, 
feature a strong UV absorption increase, particularly in the UVC, peculiar of the photodegradation 
products (Figure 6.4) [453].  
 
Figure 6.4 Equivalent absorption coefficient (A) in the UV range and (B) in the UV and visible 
ranges of the control film and films including DHICA-melanin 0.8% wt. at different times of 
UV-aging (0, 48 and 144 days). 
 
IR spectra show that the films including the three types of eumelanin, 0.2% wt., after 48 days of 
UV irradiation, featured the same extent of photodegradation as the control film (Figure 6.5 and 
S5). Conversely, after 144 days, only the film containing natural Sepia Melanin showed the same 
extent of photo-oxidation as the control film. Films containing synthetic eumelanin underwent 
photo-oxidation to a higher extent with respect to the control counterparts (increased relative 
intensity of the bands at 1715, 1780, 1170 and 909 cm-1) (Figure 6.5 and S5).  
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Increasing the DHICA-melanin amount entailed a more pronounced photo-oxidation (Figure 6.5).  
Mechanical embrittlement and surface crazing of the films with higher DHICA-melanin loadings, 
0.6% and 0.8% wt. (Table S3), which are consequences of photo-oxidation, were also observed 
[454]. 
 
Figure 6.5 IR spectra of the control film and the films including different concentrations of 
DHICA-melanin at: 48 days of UV-aging in the range (A) 1800 cm-1 – 1650 cm-1 and (B) 1230 
cm-1 – 850 cm-1; 144 days of UV-aging, in the range (C) 1800 cm-1 – 1650 cm-1 and (D) 1230 cm-
1 – 850 cm-1. The control film at day 0 of UV-aging is reported for the sake of comparison. 
 
In line with the IR results, after 144 days of UV-aging, films containing eumelanin showed higher 
absorption in the UVC and UVB than the non-UV-aged counterparts due to the presence of photo-
oxidation products (Figure 6.4). In particular, the absorption at ca. 320 nm decreases during the 
first 48 days of UV-aging, but, then, in the time frame 48 – 144 days, it increases reaching values 
equal or higher than the non-UV-aged films (Table S5). This can be explained with an initial photo-
degradation of the small oligomers and polypyrroles responsible for the peak at ca. 320 nm [455], 
followed by a rise in absorption related to the formation of photodegradation products of our 
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commercial EVA. Such photodegradation products feature a broad absorption in the UVB and 
UVC [453]. The decrease of the absorption peak at ca. 370 nm (resulting from collections of 
oligomers [419], [428]) after 144 days is in agreement with the UVA-induced oxidative 
degradation of eumelanin, with formation of pyrrole-2,3,5-tricarboxylic acid and fission of 
indolequinone [441]. Literature reports that, during prolonged UV irradiation of eumelanin in 
solution, concomitantly to the formation of such photodegradation products, reactive oxygen 
species (ROS) are also generated [92], [93], [98].  
We make the hypothesis that the ROS formation takes place also when eumelanin is embedded in 
the polymer matrix. Considering that eumelanin was in the MFA form, with reduced radical 
scavenging ability, ROS cannot be efficiently quenched by eumelanin, contributing to the 
propagation of the photo-oxidation process of our commercial EVA [415]. This may explain the 
pro-oxidant behavior of eumelanin.  
Thermogravimetry revealed that the onset degradation temperature (Ton) of films containing 
eumelanin decreases after UV-aging (Figures S6 and S7). The thermal decomposition of the 
photodegradation products can explain the lower thermal stability of the films. As a matter of fact, 
the decrease of Ton reaches a maximum for films with the highest eumelanin content (~ 17 °C in 
argon and ~ 83 °C in air). Such films feature the highest extent of photo-oxidation products, as 
revealed by IR spectroscopy. We cannot rule out chain scission as a further photodegradation path 
causing the TON decrease after UV-aging  (Figures S6 and S7) [452], [456]. 
Finally, we compared the effects of the addition of eumelanin to a commercial synthetic UV-
absorber, the benzophenone BLS®531.  Such an additive belongs to a category of compounds that 
gave evidence of carcinogenic effects [457]–[459]. 
BLS®531 provides to our commercial EVA a one order of magnitude increase of the absorption 
coefficient in the UV range with a sharp absorption cut-off between the UV and the visible (Figure 
S8). BLS®531 limited, but did not completely avoid, the formation of photodegradation products 
after UV-aging, as shown by IR spectroscopy (Figure S9). As the UV-aging time elapses, the 
absorption coefficient in the UV-range of the film containing the commercial benzophenone 
decreases (by 10% - 20% after 48 days and by 20% - 50% after 144 days) (Table S5 and Figure 
S8), similarly to what happens to the eumelanin related absorption enhancement in the UVA. The 
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depletion of BLS®531 can be due both to its photodecomposition and to physical loss, because of 
its relatively low molecular weight [456].  
6.6 Conclusions 
We investigated the use of eumelanin, a dark-brown biopigment, as UV-absorber for packaging 
polymers. Three types of eumelanin were investigated: one bio-sourced (extracted from cuttlefish 
ink) and two synthetic (DHICA-melanin and DHI-melanin). In our work, eumelanin underwent the 
Melanin Free Acid treatment, prior to the addition to the commercial grade ethylene-vinyl acetate 
copolymer, EVA. The treatment aimed at dispersing the biopigment in the polymer matrix and 
limiting its absorption in the visible. The addition of amounts of eumelanin as low as 0.2% wt. 
caused a UV absorption increase, mainly in the UVA. Bringing the amount to 0.8% wt. for DHICA-
melanin provided a substantial absorption increase (1 order of magnitude in the UVA). Such 
increase was partially lost during prolonged UV-irradiation, due to the additive depletion (mainly 
by indole fission), with photo-oxidation of the embedding polymeric matrix. Work is in progress 
to optimize the Melanin Free Acid treatment to favor the photo-stabilizing role of eumelanin 
through radical scavenging and to provide a sharp absorption cut-off between UV and visible 
ranges. Furthermore, the use of oligomers, not yet assembled in a supramolecular fashion, obtained 
by controlling eumelanin polymerization in its very early stages, is expected to selectively enhance 
the optical absorption in the sole UV range.    
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7.2 Abstract 
The ubiquitous use of electronic devices has led to the unprecedented increase of the related waste 
as well as to the depletion of the world reserves of key chemical elements required for their 
manufacturing. The use of biodegradable, abundant organic (carbon-based) electronic materials 
can contribute to alleviate the environmental impact of the electronic industry. The pigment 
eumelanin is a bio-sourced candidate for environmentally benign (green) organic electronics. The 
biodegradation of eumelanin extracted from cuttlefish ink was studied both at 25°C and under 
composting conditions (58°C) following ASTM D5338. The biodegradation under composting 
conditions of two synthetic organic electronic materials was comparatively evaluated. To evaluate 
if the materials transfer toxicity to the compost a phytotoxicity test was conducted. Eumelanin 
reached 37% biodegradation in 100 days, without phytotoxic effects. Conversely, the two synthetic 
materials were not biodegradable, causing also the inhibition of the microorganism activity or 
transferring toxicity to the compost. 
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7.3 Introduction 
Electrical and electronic equipment has become ubiquitous in our everyday life. The increase of 
waste electrical and electronic equipment (WEEE, 44.6 Mt worldwide in 2016 [460]) and the 
depletion of chemical elements of key importance in the electronic industry (e.g. indium and 
gallium) [128] have put mounting pressure on the environment [128]. Limited attention has been 
dedicated to possible EEE end of life scenarios. The focus has been on device performance, as the 
technological advances of the last few decades confirm.  
Refurbishment and recycling of electronic devices have been identified, among others, as 
economically and environmentally viable solutions to deal with WEEE [461]. Besides that, a 
promising route towards achieving sustainable (green) electronics is based on the use of abundant 
materials (e.g. biomolecules extracted from biomass feedstock), novel production schemes (e.g. 
involving non-toxic solvents) and eco-design of devices that includes biodegradation at the end of 
life [128].  
In principle, organic (carbon-based) electronic materials are ideal candidates to explore such route 
[128]. Organic electronics is based on semiconducting molecules and polymers that feature 
electronic conjugation, i.e. the alternance of single and double carbon-carbon bonds [462]. Organic 
electronic devices, such as organic light-emitting diodes, photovoltaic cells, field-effect transistors 
and sensors, have been demonstrated [463], [464]. Organic devices stand out for their mechanical 
properties, such as flexibility, rollability and stretchability, of the highest interest for applications 
such as wearable electronics, imperceptible electronics and smart packaging [465]. Furthermore, 
being solution-processable (printable), organic electronic devices feature lower embodied energy 
(i.e. “energy spent in the production phase and stored in the inner constituents” [128]) with respect 
to their inorganic counterparts, processed by high-vacuum and high-temperature techniques [128].  
Biodegradation is defined as the breakdown of materials into simpler and non-toxic components 
(e.g. CO2, H2O, minerals and humic matter) by living organisms, under specific environmental 
conditions, such as oxygen level, pH, temperature, C-N ratio, granulometry and water content 
[186], [187]. Composting (i.e. biodegradation in presence of oxygen under thermophilic 
conditions, at 58°C) is a disposal pathway identified by most municipalities as a valuable 
technology for the management of solid organic waste, all around the world [188]. Such organic 
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solid waste is streamed to industrial facilities, where it is converted into a non-toxic substratum 
that can be used in in agriculture and horticulture [188].  
For the assessment of the biodegradability in composting conditions, the industrial sector of 
disposable plastics for food packaging and serving can leverage on standard test methods. 
Examples of such standards are CAN/BNQ 0017-088/2010 in Canada, ASTM D6400 in the USA, 
and EN 13432/EN 14995 in the European Union. Poly-ε-caprolactone (PCL) and polylactic acid 
(PLA) are among the most important biodegradable plastics in composting conditions [190]. 
Conversely, limited attention has been given to the biodegradability of materials and devices for 
organic electronics: no national or international standard exists to evaluate their biodegradability. 
Melanins represent a vast category of pigments ubiquitous in nature and much noticeable in our 
daily life: from human skin color to black spots on moldy bread, from black incrustations on shower 
curtains to dark parts of banana peels [1], [2]. Melanin is an interesting candidate for green organic 
electronics because its molecular structure features conjugation and redox-active quinone groups 
[411]. Hydration-dependent electrical conduction has been reported for melanin pellets and films 
[108], [120]. Melanin-based supercapacitors [25], batteries [201] and organic electrochemical 
transistors [132] have been successfully developed. 
Eumelanins are the subcategory of black-brown melanin pigments that originate from the oxidative 
polymerization of L-dopa [466], mostly present in animals. The building blocks of eumelanins are 
5,6-dihydroxyindole (DHI) and 5,6-dihydroxyindole-2-carboxylic acid (DHICA) (Figure 7.1). 
Relevant properties of eumelanin are its broad UV-visible absorption, free-radical scavenging and 
hygroscopicity [123]. Biodegradability assessments on synthetic eumelanin (dopa-melanin in 
presence of a mixed bacterial culture [219] and tyrosine-melanin in soil [220]) and natural 
eumelanin (from human hair [218] in loamy soil) showed negligible biodegradation. Preserved 
eumelanin was also reported to be present in the orbit of a 54 million year-old fish fossil [214]. 
Conversely, the fungus Aspergillus fumigatus from a soil sample biodegraded different types of 
natural (from human hair [221], [223], human skin [222], banana peel [223], insects [223] and 
octopus ink [223]) and synthetic (tyrosine-melanin and dopa-melanin [223]) eumelanins.  
Eumelanin is also biocompatible and bioresorbable [125], [126]. Differently from biodegradability 
in a compost medium, bioresorption is a process by which materials in contact in the physiological 




Figure 7.1 Organic electronic materials investigated. a, Molecular structure of DHI and b 
DHICA, the building blocks of the bio-sourced eumelanin. c, Cu (II) phthalocyanine. d, 
monomer of poly(p-phenylene sulfide).  
 
In this work, we report on the aerobic biodegradability of natural eumelanin, extracted from the 
ink sac of cuttlefish (Sepia Melanin). Prior to the biodegradability studies, the extracted biopigment 
was characterized by infrared spectroscopy, thermogravimetric analysis, nuclear activation 
analysis, as well as elemental analyses of total carbon and total inorganic carbon. This is the first 
work where the biodegradability of Sepia Melanin blended with an industrial compost obtained 
from solid municipal waste was tested under mesophilic conditions and under thermophilic 
conditions (composting). The biodegradability test in composting conditions also included two 
synthetic organic electronic materials: copper (II) phthalocyanine (Cu-Pc) and poly(p-
phenylensulphide) (PPS). Cu-Pc is a molecular dye featuring semiconducting properties and 
employed in organic field-effect transistors and photovoltaic cells [316]–[318]. PPS is a solution-
processable polymer whose electrical conductivity can be increased by 16 orders of magnitude by 
chemical doping, investigated in photovoltaics [315].  
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An assessment of the potential transfer of toxicity from the test materials to the compost was also 
conducted, by means of plant germination and growth tests, following the 98-d incubation period 
under composting conditions. 
7.4 Materials and Methods 
7.4.1 Chemicals  
Sepia Melanin was extracted from the ink sac of a cuttlefish (Sepia officinalis) following 
established extraction and purification procedures [423] (“Extraction of Sepia Melanin” in 
Supplementary Data). Sepia Melanin was characterized by infrared spectroscopy (IR), 
thermogravimetric analysis (TGA), nuclear activation analysis (NAA), as well as elemental 
analyses of total carbon (CHN analysis) and total inorganic carbon (TIC) (“Sepia Melanin 
Characterization”, Supplementary Figures 1-2 and Tables S1-S2). Three chemicals were purchased 
from Sigma-Aldrich (Canada) and used as received: microcrystalline cellulose (20 μm powder), 
poly(p-phenylene sulfide) (powder, average Mn ~10,000), and copper(II) phtalocyanine (β-form, 
dye content 90% wt.). Polyethylene was purchased from ExxonMobilTM (grade LL 6407.67). 
7.4.2 Compost Characteristics  
Compost from solid municipal waste (Englobe Corp.) was used as the substratum to conduct the 
biodegradation tests. The compost satisfied the requirements of the ASTM standard method D5338 
(Standard Test Method for Determining Aerobic Biodegradation of Plastic Materials Under 
Controlled Composting Conditions) [339]: ash content 51.4%, pH 7.3, dry solids 46 ± 4 % wt., 
C/N ratio 24.3 with % C = 50% organic matter). The specific respiration rate of such blank 
compost, i.e. CO2 evolved per g of volatile solids per day, met the criteria required by ASTM 
D5338 (“Blank Compost Characterization” in Supplementary Data) [339]. 
7.4.3 Biodegradability Test under Mesophilic Conditions  
The aerobic biodegradability of Sepia Melanin, in the form of a powder, under mesophilic 
conditions (25°C), was tested over a 97-d incubation period. The respiration activity of the 
compost’s microbiota was monitored by means of electrolytic respirometers. Such equipment 
measured continuously the O2 consumed, 1 data point every 30 minutes (details in “Electrolytic 
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Respirometers” and “Biodegradability Test under Mesophilic Conditions” in Supplementary Data). 
The test also required the usage of a material biodegradable in the test conditions, the positive 
control, cellulose.  
7.4.4 Biodegradability Test under Thermophilic Conditions  
Under thermophilic conditions (compositing, 58°C), over the 98-d incubation period, the 
respiration activity of the compost’s microbiota was monitored measuring the CO2 evolved (1 data 
point every 4 days). The equipment entailed a composting facility equipped with wet scrubbers for 
CO2, (three Ba(OH)2 traps in series after each bioreactor). The Ba(OH)2 reacted with the CO2.  The 
CO2 amount could be inferred by means of titrations of the Ba(OH)2 traps (details in “Wet 
Scrubbers” and “Biodegradability Test, in Composting Conditions” in Supplementary Data). 
Titrations of two samples of 30 ml extracted from each trap were carried out and the average 
computed. The biodegradability test under thermophilic conditions involved Sepia Melanin, Cu-
Pc, PPS, a positive control (cellulose) and a negative control, a non-biodegradable material under 
the test conditions, polyethylene, PE.  
7.4.5 Statistics and Mineralization Computations 
Both tests featured the same 1:6 weight ratio of test material to dry compost [339]. For both tests, 
duplicates or triplicates of bioreactors containing the same material blended or buried in the 
compost were used. The average and the standard deviation of the O2 consumed or CO2 evolved 
by the duplicates or triplicates of bioreactors containing the same material blended with the 
compost were computed.  Only one side of the error bars is shown in all the graphs for the sake of 
clarity. 
The biochemical reaction associated to the aerobic respiration of the compost’s microbiota can be 
simplified as:  
CTEST + O2 consumed -> CO2 respired + H2O + CRESIDUAL TEST + CBIOMASS    (1) 
Where CTEST is the carbon of the test material at the beginning of the test; CRESIDUAL TEST is the 
carbon of the test material that is not biodegraded; and CBIOMASS is the carbon assimilated and 
transformed into the biomass (compost’s microbiota) participating in the respiration process.  
Consequently, the mineralization (i.e. biodegradation percentage) is evaluated as follow [339]: 
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𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴 (%) =  𝑪𝑪𝑶𝑶𝟐𝟐 (𝒎𝒎𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴) - 𝑪𝑪𝑶𝑶𝟐𝟐 (𝒃𝒃𝑴𝑴𝑴𝑴𝑴𝑴𝒃𝒃 𝒄𝒄𝑴𝑴𝒎𝒎𝒄𝒄𝑴𝑴𝒄𝒄𝑴𝑴) 
𝑪𝑪𝑶𝑶𝟐𝟐(𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴)
     (2) 
Where CO2 (material) is the measured mass of CO2 evolved from the bioreactor containing the test 
material blended with or buried in the compost; CO2 (blank compost) is the average measured 
masses of CO2 evolved from the bioreactors containing blank compost; and CO2 (total) is the total 
theoretical mass of CO2 that would evolve if all the test material was completely respired by the 
compost’s microbiota, as for the following equation:  
𝑪𝑪𝑶𝑶𝟐𝟐 (𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴)(𝒈𝒈) = 𝑪𝑪%  ∗ 𝒎𝒎 ∗
𝟒𝟒𝟒𝟒 (𝑪𝑪𝑶𝑶𝟐𝟐 𝒎𝒎𝑴𝑴𝑴𝑴𝑴𝑴𝒄𝒄𝒎𝒎𝑴𝑴𝑴𝑴𝑴𝑴 𝒎𝒎𝑴𝑴𝒄𝒄𝒄𝒄)
𝟏𝟏𝟐𝟐 (𝑪𝑪 𝑴𝑴𝑴𝑴𝑴𝑴𝒎𝒎𝑴𝑴𝒄𝒄 𝒎𝒎𝑴𝑴𝒄𝒄𝒄𝒄)
       (3) 
Where C% is mass percentage of carbon in the test material; and m is the mass of the test material.  
For the test under mesophilic conditions, based on the measurement of the O2 consumed, the CO2 
respired (numerator of equation (2)) was computed following equation (1). The respiratory quotient 
CO2 respired / O2 consumed was assumed to be 1.0 mol/mol [338]. The standard deviation of the 
mineralization was computed following paragraph 12.3 of ASTM D5338 (details in 
“Mineralization” in Supplementary Data). 
7.4.6 Phytotoxicity Test  
Immediately after reaching the end point of the biodegradability test in thermophilic conditions 
[343], a germination and growth test was conducted to evaluate the (potential) phytotoxicity of the 
residual test material and, if any, of their biodegradation products. Such test is suggested in ASTM 
D6400 [343]. The procedure to conduct such test was adapted from the OECD Guideline 208 
(Terrestrial Plant Test: Seedling Emergence and Seedling Growth Test) [468]. Samples were 
mixed with a wet sandy soil, then incubated for 19 days at 25°C. Two parameters were monitored: 
the seedling emergence of 20 seeds of a crop (Ryegrass), and the biomass production (wet weight 
of the resulting plants), after 19 days (details in “Phytotoxicity Test” in Supplementary Data). 
According to ASTM D6400, the phytotoxicity test is to be carried out with two plant species: 
consequently, our test has to be considered as a first indication of the phytotoxicity of the materials. 
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7.5 Results  
7.5.1 Eumelanin: Biodegradability Test under Mesophilic Conditions (25°C) 
Throughout the incubation period of the biodegradability test under mesophilic conditions, the 
respiration activity of the compost microbiota was monitored by electrolytic respirometers, 
measuring the amount of O2 consumed. The cumulative O2 consumed (i.e. the total O2 consumed 
between the beginning of the test and a certain incubation time) was comparatively measured for 
Sepia Melanin blended with the compost, cellulose blended with the compost (positive control) as 
well as for the blank compost (baseline) (Figure 7.2, a). In the three cases, the O2 consumed by the 
compost’s microbiota increased steadily over the entire incubation period. Approximately 70% of 
the final value was consumed during the first 50 days (Δt0-50). By the end of the biodegradability 
test, the O2 respiration levels of Sepia Melanin (2731 mg) and cellulose (8835 mg) are 1.3x and 
4.0x higher than the baseline level (2194 mg). After subtraction of the cumulative O2 respired by 
the blank compost from the cumulative O2 respired by Sepia Melanin and cellulose (Figure 7.2, b), 
by means of equations (2) and (3), the mineralization levels were computed (Figure 7.2, c). These 
levels amounted to 4% for Sepia Melanin and 71% for cellulose, at the end of the incubation period. 
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Figure 7.2 Biodegradation under mesophilic conditions. a, Cumulative O2 consumed at 25°C: 
blank compost, Sepia Melanin and cellulose. b, Net O2 consumed by Sepia Melanin and 
cellulose, with respect to the O2 consumption of the blank compost. c, Mineralization of Sepia 




7.5.2 Eumelanin: Biodegradability Test under Thermophilic Conditions (58°C) 
The biodegradability test under thermophilic conditions (58°C, composting conditions) implied the 
monitoring of the respiration activity of the compost microbiota by the measurement of the CO2 
evolved, by means of wet CO2 scrubbers (i.e. Ba(OH)2 traps). The cumulative CO2 evolved was 
measured for the blank compost (baseline), polyethylene (PE) pellets buried in compost (negative 
control), cellulose blended with compost (positive control) and Sepia Melanin blended with 
compost (Figure 7.3, a). The net cumulative CO2 produced was computed by subtraction of the 
CO2 evolved from the blank compost (Figure 7.3, b). From the net cumulative CO2 evolved, by 
means of equations (2) and (3), the mineralization levels of cellulose, PE and Sepia Melanin were 
computed (Figure 7.3, c). The mineralization level of PE (negative control) was zero, whereas 
cellulose (positive control) almost completely biodegraded after 98 days (97%). Sepia Melanin 
attained a mineralization level of 37% at the end of the incubation period (Figure 7.3, c), which is 
almost 10x higher than under mesophilic conditions (Table 7.1). In particular, eumelanin showed 
a 12x lower mineralization rate with respect to cellulose in the first 21 days (Δt0-21). In the following 
77 d, the mineralization rate of cellulose leveled off (plummeting by a factor 20x), due to its 




Figure 7.3 Biodegradation of Sepia Melanin in composting conditions. a, Cumulative CO2 
evolved at 58°C from blank compost, polyethylene (PE), Sepia Melanin and cellulose. For the 
first two, only half of the points are shown for the sake of clarity, as they overlapped (see 
93 
Supplementary Figure 3). b, Net CO2 evolved from PE, Sepia Melanin and cellulose. c, 
Mineralization of PE, Sepia Melanin and cellulose. 
 
According to ASTM D6400, to be labelled as aerobically biodegradable under composting 
conditions, test materials need to attain or surpass the 90% threshold value with respect to the 
positive control (cellulose), in a period ranging between 45 and 180 days. The projection 
(extrapolation) of cellulose mineralization at the upper time limit of ASTM D6400, i.e. 180 d, with 
the 0.19 %/d rate of the second part of the incubation time ((Δt35-98), Supplementary Figure 4 and 
related explanation), entails that cellulose mineralization would be complete. Consequently, the 
threshold value in 180 days becomes 90%. With the mineralization rate of the second half of the 
incubation time (0.26 %/d for Δt35-98), Sepia Melanin would reach 58% mineralization projected 
over 180 days.  
7.5.3 PPS and Cu-Pc: Biodegradability Test under Thermophilic Conditions 
(58°C) 
The apparent respiration rate (the ratio of the total CO2 produced to the final incubation time) of 
PPS blended with compost (478 ± 46 mg/d) falls within the range of the blank compost (457 ± 24 
mg/d) (Figure 7.4, a) during the biodegradability test under thermophilic conditions.  Regarding 
Cu-Pc, in the first 50 days, the respiration rate is similar to the blank compost. However, starting 
from day 50 onward, the cumulative CO2 respired by Cu-Pc blended with compost is always lower 
with respect to the blank compost, with the difference ranging between 34% and 14% (Figure 7.4, 




Figure 7.4  Biodegradation in composting conditions of synthetic materials. a, Cumulative CO2 
evolved from blank compost, PE, PPS and Cu-Pc. b, Net cumulative CO2 evolved from PE, PPS 
and Cu-Pc, with respect to blank compost. 
 
A summary of the cumulative O2 consumed at 25°C, the cumulative CO2 evolved at 58°C, the 
apparent respiration rates, and the mineralization levels at the end of the two biodegradation tests 




Table 7.1 Biodegradation summary. Respiration rates under mesophilic (25°C) and thermophilic 
(58°C) conditions for various combinations of compost and test material buried into 100 g and 
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7.5.4 Phytotoxicity Test 
At the end of the test under thermophilic conditions (98 d), the samples were used for plant 
germination and growth tests. The seedling emergence (the number of plants that germinated from 
20 seeds) and the plant biomass (the wet mass of such plants) were measured, for all the materials 
tested, after 19 days of incubation at 25°C (Table 7.2). According to ASTM D6400, in order to 
pass the phytotoxicity test, the seedling emergence and the plant biomass have to be at least 90% 
of the values obtained for blank compost [343].  
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Table 7.2 Phytotoxicity tests. Seedling emergence and plant biomass in wet sandy soil, used as a 
“pristine” or “clean” substratum, after 19 days; plants in wet sandy soil at day 19: 20 ± 0. 








Blank Compost 78 ± 15 84 ± 28 0.46 ± 0.02 
Threshold 70 76 --- 
Sepia Melanin 76 ± 12 77 ± 24 0.61 ± 0.01 
Cellulose 89 ± 8 115 ± 30 0.78 ± 0.01 
Polyethylene 66 ± 19 48 ± 26 0.49 ± 0.05 
Poly(phenylene 
sulphide) 42 ± 15 14 ± 6 0.48 ± 0.05 
Cu-Pc 57 ± 13 50 ± 33 0.40 ± 0.01 
 
7.6 Discussion 
The biodegradation phenomenon results from the combination of several abiotic and biotic factors. 
Such factors are partly intrinsic to the test material (its chemical composition, structure and surface 
area, C/N ratio [187]) and partly depend on the environment (e.g. temperature, pH) as well as on 
the microbial community of the compost [187]. Microbial degradation of an extracellular substrate 
is mediated by extracellular enzymes. Typically, in the case of a polymer, two steps take place. 
Firstly, the depolymerization step, corresponding to the cleavage of the chain, takes place. Once 
dimers or monomers are formed and brought inside the microorganism, the mineralization step 
occurs, with concomitant production of CO2 [187]. 
Our results demonstrate that, at 25°C, and after an incubation period of 97 d, the mineralization 
level of Sepia Melanin is 18x lower than that of cellulose (positive control), i.e. 4% vs. 71%, 
respectively (Figure 7.2, c and Table 7.1). Under thermophilic conditions, Sepia Melanin attains a 
mineralization level of 37% in 98 days, 2.6x lower than the positive control (Figure 7.3, c and 
Table 7.1).  
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We suggest that the intrinsic features of eumelanin determining its biodegradation by the 
microbiota of the compost are its molecular and supramolecular structures [37] as well as the 
hygroscopicity of the biopigment [123].  
It is well-established that eumelanin, rather than being composed of linear polymeric chains, is 
based on oligomeric planes of DHI and DHICA monomers (Figure 7.1) [37]. The oligomers differ 
one from the other by the number of units, types of units (DHI vs. DHICA) and polymerization 
sites [75]. In other words, eumelanin is a chemically disordered material [469]. Eumelanin’s 
oligomers further organize in a complex supramolecular structure: the oligomeric sheets form 
protoparticles via π-π stacking [37]. The protoparticles arrange in an onion-like structure and 
densify into spherical particles (ca. 10 nm sized), and eventually undergo aggregation into larger 
spherical particles (ca. 100 nm sized) [37]. Eumelanin particles feature heterogeneity in size and 
supramolecular structure: the chemical disorder is paralleled by structural disorder [469].  
The structural and chemical disorder are characteristics that may limit the biodegradability of 
eumelanin. Indeed, not all the oligomeric planes are exposed to the enzymes: the monomer-
monomer bonds may be attacked only in the “external” oligomers (i.e. on the surface) of eumelanin 
particles. It has been suggested that the “opening” of the supramolecular structure, i.e. the de-
stacking of the oligomers, is a necessary step for the biopigment degradation [212]. Furthermore, 
Sepia Melanin is a heterogenous substrate for the attack of extracellular enzymes. A type of enzyme 
able to act on one type of oligomer of eumelanin may have different affinity towards different 
oligomers [219]. In addition, a non-biodegraded oligomer will prevent the exposure to extracellular 
enzymes of all the oligomers stacking beneath it. 
Once “freed” from the oligomers, after diffusion into the microorganism, the monomers are readily 
metabolized. Indoles are indeed known to be microbially degraded with the indole ring cleavage 
following a pathway that ends with the formation of fumarate and pyruvate [470]. 
Furthermore, eumelanin is known to be a hygroscopic material [123]. The Sepia Melanin extracted 
for this work absorbs 17% wt. of H2O in 1 hour at 90% relative humidity (Supplementary Figure 
2, Supplementary Table 1 and related explanation). We already reported that in 24 h Sepia Melanin 
can absorb a water quantity equal to its weight [123]. It is reasonable to assume water diffusion 
from the wet compost (containing 50% wt. of H2O) towards Sepia Melanin in the bioreactors. 
Water is one of the means through which microorganisms bring inside their cells the monomers 
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that were cleaved from the extracellular substrate through the enzymatic attack [471]. 
Consequently, we suggest that the biopigment hygroscopicity favors its biodegradation.  
The compost medium has an important effect on biodegradation. Indeed, the compost microbiota 
(community structure) in mesophilic and thermophilic conditions do not feature the same 
predominant bacterial and fungal species [472]. Furthermore, microbial decomposition of organic 
matter is a temperature-dependent phenomenon. Mesophilic microorganisms (optimal growth 
temperature range 10-42°C) show lower respiration rates as compared to thermophilic 
microorganisms (optimal growth temperature range 45-70°C) [473], [474]. This difference, well 
established in the literature, was confirmed by our tests on the blank compost in the two 
temperature ranges (“Blank Compost Characterization” in Supplementary Data).  
The kinetics of growth of the mesophilic bacteria as well as the intrinsic biodegradation-hindering 
factors of eumelanin (structural and chemical disorder) could tentatively explain why eumelanin 
was recalcitrant to biodegradation in mesophilic conditions. Furthermore, in order to explain the 
difference with respect to cellulose (4% vs 71%), it has to be considered that the compost used was 
acclimated to cellulose biodegradation. This means that, in the microbiota of the compost used, 
cellulosic bacteria are already present as they adapted to the lignocellulosic biomass of vegetal 
compost added to compensate the C/N ratio in the composting facility. 
On the other hand, in the thermophilic stage of composting, we suggest a synergy between the 
faster growth kinetics of thermophilic microorganisms and more abundant melanin degrading 
enzymes, whose rates of activity increase with temperature. It is worth noting that the fungus that 
biodegrades eumelanin at room temperature, Aspergillus fumigatus, can tolerate 50°C and above 
[475].  
The proposed synergy can explain the final mineralization rate of Sepia Melanin in thermophilic 
conditions (37%) almost 10x higher than in mesophilic conditions (4%), after ca. 100 days. Taking 
into account both the compost acclimated to lignocellulosic biomass as well as the chemical and 
structural heterogeneity of eumelanin, eumelanin attains a significant mineralization level in 
thermophilic conditions. Although significant, such biodegradation level does not meet current 
industrial requirements for compostability (ASTM D6400, concerning plastics for food packaging 
and serving). Indeed, using the 0.26 %/d rate of the second period of incubation time (Δt35-98), Sepia 
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Melanin would reach 58% if projected at the upper time limit suggested by ASTM D6400 (180 d), 
not fulfilling the threshold (90%) of biodegradability in composting conditions. 
Both the thresholds of seedling emergence and plant biomass established for the phytotoxicity test 
were passed by Sepia Melanin (Table 7.2). The precursor of melanin, L-dopa, has been reported to 
have phytotoxic effects due to the formation of hydrogen peroxides during melanogenesis (the 
biosynthetic path that brings to melanin) [476]. Our results reveal that the biopigment may not be 
phytotoxic. Furthermore, fumarates, that result from the biodegradation of indoles [470], are not 
phytotoxic either [477]. 
 
The apparent respiration rate of Cu-Pc blended with compost initially falls within the range of the 
blank compost, but then, after 50 d, it becomes lower (Figure 7.4). This could be explained with a 
partial release of Cu ions by the molecule: such cations are able to inhibit the microbial activity 
[478]. This implies that there was no net CO2 production with respect to the blank compost and, 
consequently, no biodegradation (Figure 7.4). The molecular structure of Cu-Pc presents a planar 
aromatic macrocycle with the metal cation at its center [479] (Figure 7.1). Such a plane is based, 
like eumelanin, on indoles. However, in Cu-Pc, the four indole units do not feature catecholic 
groups and are not directly chemically bound to each other [479] (Figure 7.1).  The absence of 
biodegradation of Cu-Pc can be explained considering both the microbial metabolism inhibition by 
the released copper cations as well as the resistance of the nitrogen-including bonds between the 
indole units to enzyme-mediated scission [478]. The π-π stacking of the molecules of Cu-Pc and 
their insolubility in water may represent additional biodegradation-hindering factors [479]. Prior 
to our study, no phytotoxicity test has been conducted with Cu-Pc so far, although the phytotoxicity 
of several other phthalocyanines has been evaluated [480]. The presence of Cu-Pc in the compost 
in our study proved to have no detrimental effects on the seedling emergence nor on the growth 
(Table 7.2).  
The apparent respiration rate of PPS blended with compost falls within the range of the blank 
compost over the entire incubation period (Table 7.1 and Figure 7.4). No mineralization, 
consequently, took place. We suggest that the chemical bond between a sulphur atom and a benzene 
ring is recalcitrant to the cleavage of extracellular enzymes in our compost under thermophilic 
conditions (Figure 7.1). PPS fails to pass both the phytotoxicity test thresholds, proving to limit 
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both the seedling emergence and the growth of plants. This points to a potential phytotoxicity of 
the polymer (Table 7.2).  
7.7 Conclusion 
The electronic industry is experiencing tremendous challenges. The waste electrical and electronic 
equipment is alarmingly increasing, the reserves of key chemical elements for device 
manufacturing are shrinking, the device embodied energy (energy consumed during 
manufacturing) is increasing, all causing an unsustainable environmental footprint. In the past 
decades, attention has been devoted to the performance of electronic devices, with limited 
consideration to their end of life (fate after service). 
Recurring to abundant and biodegradable organic (carbon-based) electronic materials represents 
one of the viable solutions to alleviate the environmental footprint of the electronic industry. At 
present, no guideline to establish the biodegradability of organic electronic materials and devices 
is available. 
We found that eumelanin, an organic electronic bio-sourced material, attained a mineralization 
level of 37% after 97 d under composting conditions (at 58°C), with no phytotoxic effects on the 
industrial compost.  
We also tested the biodegradability in composting conditions of two non-bio-sourced (synthetic) 
organic electronic materials, namely copper (II) phthalocyanine, Cu-Pc, and poly(1-4 phenylene 
sulfide), PPS. Both materials featured negligible mineralization. In addition, Cu-Pc inhibited the 
metabolism of the microorganisms while PPS showed potential phytotoxicity.  
The strikingly different results between bio-sourced and synthetic materials suggest that recurring 
to organic bio-sourced materials is a viable option to eco-design biodegradable organic electronic 
materials and devices. However, eumelanin did not pass the threshold of biodegradability in 
composting conditions, set by ASTM D6400. It is worthwhile to note that ASTM D6400 (and the 
corresponding international standards) addresses plastic polymers for food packaging and serving. 
No protocol dealing with the biodegradability in composting conditions of materials for organic 
electronics is available. Moreover, we found that, at room temperature, i.e. the biodegradability 
conditions of a natural ecosystem, eumelanin featured almost negligible biodegradation, 
confirming the need of streaming organic waste to industrial composting facilities. Further studies 
101 
in other types of compost featuring different microbial communities (e.g. in compost from manure 
or garden waste) are needed to identify the most suitable conditions for eumelanin’s 
biodegradability. Work is in progress to evaluate the biodegradability of organic electronic devices, 
beyond the constituent materials.  
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8.2 Abstract 
Organic bio-sourced materials featuring charge transfer and transport properties are of high interest 
in the field of sustainable (green) electronics, which aims at alleviating the environmental impact 
of conventional electronics. Such materials may contain, after extraction from biological media, 
traces of salts that can dramatically affect their electrical response, because of electrochemical 
processes at organic bio-sourced material/metal contact interfaces. Eumelanin, a bio-sourced 
pigment, is an attractive candidate for sustainable electronics. This work reports on chemical and 
structural changes occurring at interfaces between metal electrodes (Pd, Cu, Fe, Ni and Au) and 
hydrated films of eumelanin, under bias. The parameters affecting such changes, i.e. the chloride 
content in eumelanin, the relative humidity of the environment and the type of eumelanin (synthetic 
versus natural), were investigated. Our work contributes to establish criteria for selecting metal 




Sustainable electronics aims at responding to current environmental issues, such as the increase of 
waste electrical and electronic equipment (WEEE) [127]. Bio-sourced organic materials are 
investigated in sustainable electronics for their abundance, low cost and potential biocompatibility 
and biodegradability [127]. The study of interfaces between metal electrodes and bio-sourced 
organic materials is of the utmost importance for the design of sustainable (green) electronics 
devices [127], [128]. Bio-sourced organic materials typically feature a complex chemical 
composition, as they may contain traces of salts from the biological medium from which they are 
extracted [481], [482]. The presence of such salts may lead to electrochemical processes at the 
interface with metal contacts, which can dramatically affect the overall response of the materials 
during the characterization of their electrical properties.   
The biopigment melanin is present in humans, animals, plants and microorganisms [344]. 
Eumelanin is the dark-brown subgroup of melanins [410], whose  building blocks are 5,6-
dihydroxyindole (DHI) and 5,6-dihydroxyindole-2-carboxylic acid (DHICA) (Figure 8.1) [2]. One 
of the most studied natural eumelanins is Sepia Melanin, extracted from the ink sac of the 
cephalopod Sepia officinalis (commonly known as cuttlefish) [9]. Eumelanin is an important 
candidate for organic electronics [132], as its molecular structure features conjugation (alternance 
of single and double bonds, typical of organic electronics materials) and the presence of quinone 
redox active groups [410], [411]. Since it is non-toxic and bio-sourced, eumelanin is also an 
interesting candidate for sustainable electronics [127].   
 
 
Figure 8.1 Building blocks of eumelanin: (a) DHI, (b) DHICA. 
 
The hydration-dependent electrical conductivity of eumelanin was discovered in 1974 and 
explained with the amorphous semiconductor model [109]. Several studies on the electrical 
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conductivity of the biopigment ensued, entailing both eumelanin pellets and thin films [106], [115], 
[483]–[485]. Our groups recently reported on the proton transport properties of eumelanin thin 
films [108]. Besides the physicochemical properties of UV-visible broad absorption [27] and free 
radical scavenging [469], eumelanin features biocompatibility [125], [126] and binding affinity for 
metals, such as copper, iron and calcium [89]. The binding site can be the catechol, the amine or 
the carboxylic group (Figure 8.1) [70].  
Eumelanin-based batteries [23], [201], flexible micro-supercapacitors [25], organic 
electrochemical transistors [132] and memristive devices [486], [487] have been demonstrated. 
During the investigation of the electrical response of hydrated eumelanin films with supposedly 
inert contacts (Au), we reported on the electrochemical dissolution of gold electrodes, with 
formation of dendrites [210]. The dendrites led to a resistive switch, akin to the working mechanism 
of electrochemical metallization memories [135], [210]. The relative humidity of the environment 
influenced the extent of the current increase during the resistive switch [488]. These observations 
led us to conduct a more comprehensive study of interfaces between metals and melanin, 
considered as prototype organic bio-sourced material for sustainable electronics. As a matter of 
fact, the metal electrode dissolution during the electrical characterization of organic bio-sourced 
materials hinders the investigation of their electrical properties, overshadowing the intrinsic 
electrical response of the bio-sourced materials, and the assessment of their technological potential.  
Here we report on possible structural and chemical changes taking place at the interface between 
hydrated eumelanin films and metal electrodes under electrical bias (Figure 8.2(a)). Various metals, 
types of eumelanin (e.g. natural vs. synthetic), relative humidity levels in the measurement 
atmosphere and chloride contents were considered. Such changes were studied using transient 
current measurements, scanning electron microscopy (SEM), energy-dispersive X-ray 
spectroscopy (EDX) and atomic force microscopy (AFM). Our aim was to discover the conditions 
under which electrode dissolution does/does not take place, for the selection of suitable metal 
contacts to characterize the electrical response of melanin and, more in general, organic bio-
sourced materials. Such a selection is a required step for the exploitation of bio-sourced materials 
in green electronics technologies. 
We interfaced eumelanin films to a number of metals, namely Pd, Cu, Fe, Ni and Au, selected on 
the basis of a number of considerations. Palladium metal contacts (in the form of PdHx) are used 
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for the measurements of protonic currents in organic bio-sourced materials [108], [489], [490]. 
Eumelanin binds copper and iron in biological systems [70]. Nickel is investigated for biomedical 
[491] and biosensing applications [492], [493] as well as metal contact in organic single crystal 
transistors [494]–[496]. Gold, the metal of choice for the large majority of organic electronic 
devices, was included for comparative purposes [210].  
 
Figure 8.2 (a) Side view and (b) top view of the experimental configuration used to conduct 
electrical measurements in this work, (c) side view of the water drop that can stretch over the 
entire interelectrode distance during the measurements at high relative humidity. Images not in 
scale. 
8.4 Experimental Methods 
Synthetic (Sigma) eumelanin (Cl- content ca 1% wt.), Sepia Melanin (natural eumelanin, Cl- 
content ca 7% wt. [488]) and dimethyl sulfoxide (DMSO) were purchased from Sigma Aldrich 
(Canada). Synthetic eumelanin was used to ensure the absence of lipids and proteins that may still 
be present in Sepia Melanin after extraction from the natural source. Solutions of synthetic 
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eumelanin in DMSO containing a chloride content close to that of Sepia Melanin were obtained by 
addition of NaCl. DMSO-melanin (Cl- content 0.1 % wt.), a eumelanin-like material polymerized 
in DMSO, wherein the metal binding groups are partly absent, was synthesized by the group of 
Prof. C. Graeff (UNESP, Brazil) [310]. 
Metal electrodes were deposited by e-beam evaporation (Au, Pd, Cu and Ni) or radio frequency 
(RF) sputtering (Fe) and photolithographically patterned on Si wafers with 200 nm thermal SiO2 
(Silicon Quest International, San Jose, California, USA, thickness 525 ± 25 μm). The interelectrode 
area was 10 μm long and 4 mm wide. All electrodes were 30 nm thick and were deposited on a 5 
nm Ti adhesion layer (except for Fe). Prior to spin coating of eumelanin, the patterned substrates 
were cleaned in an ultrasonic bath with acetone, isopropanol, acetone. Only for Pd and Au 
electrodes, a further sonication in de-ionized water and a 10-min UV-ozone treatment followed. 
Copper, iron and nickel form a layer of native oxide in ambient atmosphere [497], [498]. We tested 
both untreated as well as treated Cu, Fe and Ni electrodes, where, prior to eumelanin spin coating, 
the native oxide had been etched (by 1-min sonication in acetic acid for Cu and Fe, in ammonium 
hydroxide for Ni).  
The preparation of the 15 mg/ml solutions of eumelanin in DMSO, the solution processing and 
hydration steps at different relative humidity (RH) levels have been reported elsewhere [488]. 
Electrical measurements were carried out at room temperature and at controlled RH, as reported in 
[488], using a Source Measure Unit (SMU), Agilent 2900A, with Quick IV software for data 
recording. 
The samples were characterized by scanning electron microscopy (SEM) at the end of the transient 
current measurements. A microscope JEOL JSM7600F was used. Energy-dispersive X-ray 
spectroscopy (EDX) was carried out using the same microscope with Aztec (Oxford) software, 
detector x-Max (80 mm2) (Oxford), at 5 kV. 
AFM images were acquired in air using FAST SCAN imaging with a Bruker Dimension 
FASTSCAN AFM, at a scan rate of 6-8 Hz using FastScan A cantilevers (Bruker, Santa Barbara, 
CA) with a resonance frequency around 1400 kHz, a spring constant of ≈ 18 N/m, and tip radius 




8.5 Results and Discussion 
8.5.1 Eumelanin and Palladium Electrodes 
Palladium is a relevant material for studies of the proton conductivity of organic bio-sourced 
materials [108], [489], [490]. Transient current measurements carried out on hydrated films (1 hour 
at 90% RH) of synthetic eumelanin (8% wt. Cl-) and Sepia Melanin (Figure 8.3(a) and (b)), at 1 V, 
show an initial exponential decrease of the current, related to ion migration in the interelectrode 
area with formation of an electrical double layer, followed by a current increase of three orders of 
magnitude, due to the positive electrode dissolution and formation of metallic bridging structures. 
In particular, SEM images show that Pd interfaced with hydrated films of synthetic eumelanin 
dissolves during transient current measurements forming continuous bridging structures (inset of 
Figure 8.3(a)). The continuous morphology of the Pd structures points to a non-diffusion-limited 
growth [499]. EDX revealed that the structures are made of Pd (point 1 of the inset of Figure 
8.3(a)). Conversely, Pd is absent in some parts of the positive electrode (point 2 in Figure 8.3 (a)). 
This absence indicates that the positive electrode dissolves during biasing, supplying metal cations 
for the nucleation and growth of the bridging structures at the negative electrode. The bridging 
structures grow protruding towards the positive electrode; when they connect one Pd electrode to 
the other, the resistive switch takes place and the current increases by three orders of magnitude 
within the first minute of bias. 
 
Figure 8.3 Current vs time plot obtained with (a) a synthetic eumelanin film, 8% wt. Cl-, hydrated 
for 1 hour at 90% RH, spin coated on a substrate patterned with Pd electrodes, bias time of 30 
min (current increase after ~ 46 s, compliance of 1 mA); (b) Sepia Melanin film, 7% wt. Cl-, 
hydrated for 1 hour at 90% RH, spin coated on a substrate patterned with Pd electrodes, bias time 
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of 3 hours (current increase after ~ 16 min); 1 V electrical bias. The interelectrode areas, 
delimited by the dotted blue lines, are shown in the two insets; SEM images taken in secondary 
electron mode, at 10 kV (a) and 5 kV (b).  
 
In the case of Sepia Melanin (inset of Figure 8.3(b)), the Pd bridging structures show a morphology 
that is intermediate between continuous and dendritic. The difference in the shape of the bridging 
structures may result from a complex interplay of factors, including the binding affinity of the metal 
towards eumelanin [89], metal-Cl- (ligand) interactions [500], metal cation reduction at surface 
catechols [501] and the coordinating action of DMSO [500], the solvent used to fabricate the films. 
The difference in morphology can also explain why the continuous bridging structures that form 
in the former can sustain a current after the resistive switch that is two orders of magnitude higher 
with respect to the bridging structures that form in Sepia Melanin. It is worth noting that the focus 
of this work was not providing a detailed growth mechanism of the metallic structures within the 
interelectrode distance. As opposed to that, the focus is on the occurrence of chemical and 
morphological changes at the interface between metal electrodes and organic bio-sourced 
materials, during the electrical characaterization of the latter (Table S1).  
Palladium does not dissolve if the Cl- content in eumelanin is decreased from 8% wt. to 1% wt. at 
90% RH (Figure S1(a-b)) and if the RH level is decreased from 90% to 80% or 70% (Figure S1(c-
d)) keeping 8% wt. Cl-.  
From the study of palladium-eumelanin interfaces we can conclude that Pd electrodes are more 
stable than Au electrodes, which dissolve at lower RH levels (80% and 70%) and chloride content 
(1% wt.) with formation of Au dendrites [488]. The two metals feature similar values of the 
standard free Gibbs energy (ΔG°) for the formation of metal chloride complexes (equations S1-S5 
of Table S2). On the other hand, the fact that Pd electrodes dissolve at high chloride contents (8% 
wt.) can be tentatively explained considering that, for Pd, a higher number of Cl- anions is involved 
per electron released in the oxidation with respect to Au, as inferrable from equations S1-S5, Table 
S2, where the chemical equations of the metal complexes that form in the presence of chlorides are 




8.5.2 Eumelanin and Copper Electrodes 
Copper is a metal with a well-established affinity for eumelanin [70]. SEM images of the 
interelectrode area reveal that Cu electrodes treated to remove CuxO dissolve when interfaced with 
hydrated films of synthetic eumelanin during transient current measurements, with formation of 
bridging structures (Figure 8.4(a-b)). EDX measurements show that copper is also present in 
regions of the interelectrode distance other than the bridging structures. The high current condition 
after bridging is temporary (approximately two hours), and its decrease can be ascribed to the 
oxidation of the copper structures. Differently from Cu, in the case of Au dendrites, the current of 
the post-resistive switch is kept if the bias is applied again after 10 months [488]. Untreated Cu 
electrodes interfaced with hydrated films of synthetic eumelanin can also dissolve forming 
dendrites, under electrical bias. In presence of chlorides, copper oxides feature limited stability; 
therefore, it is reasonable to assume that the native oxide layer leaves some areas of bare metallic 
copper, electrochemically active [502]. The current increases by only one order of magnitude and, 
after the resistive switch, it immediately starts to decrease (Figure 8.4(c-d)): such a decrease can 
be ascribed to the dendrite oxidation.  
In summary, dendrites form at the interface between copper electrodes (both treated and untreated) 
and synthetic eumelanin (8% wt. Cl-) under bias: the extent and duration of the current increase 
depend on whether the electrodes were treated or not, as the treatment drastically influences the 
availability of metallic copper.  
No electrode dissolution of the treated Cu electrodes takes place if the Cl- content of synthetic 
eumelanin is decreased from 8% wt. to 1% wt. (Figure S2(a,b)), confirming that chlorides play a 
key role in its dissolution. Despite the lower value of ΔG° (about one order of magnitude lower) 
for the formation of copper chloride complexes with respect to Au and Pd (Table S2), Cu electrodes 
may require high chloride contents to dissolve, as the favorable formation of the oxide (equations 




Figure 8.4 Current vs time plot obtained with synthetic eumelanin films, 8% wt. Cl-, hydrated for 
1 hour at 90% RH, spin coated on a substrate patterned with Cu electrodes, and corresponding 
SEM image of the interelectrode area (delimited by the dotted lines): (a-b) treated Cu electrodes, 
bias of 17 hours (current increase after ~ 3 min); (c-d) non treated Cu electrodes, bias of 18 hours 
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(current increase after ~ 30 s); 1 V electrical bias; images taken in secondary electron mode, at 10 
kV (b) and 5 kV (d) .   
 
Surprisingly, no dissolution takes place with Sepia Melanin (7% wt. Cl-) in contact with treated Cu 
electrodes (Figure S2(c,d), where the characteristic spherical aggregates of Sepia Melanin are 
noticeable). The absence of dissolution is tentatively explained considering the hygroscopicity of 
Sepia Melanin [123] as well as the absence of UV-ozone treatment of the copper substrates. The 
former renders water, which plays a key role in the electrode dissolution, less available for the 
process [488]. The latter is expected to limit substrate’s hydrophilicity with respect to ozone-treated 
substrates. Both factors point to an inefficient transport of ions in aqueous or hydrated media, in 
turn leading to a limited electrical continuity, required for metal dissolution, in the region included 
between the metal contacts.  
8.5.3 Eumelanin and Iron Electrodes 
Iron is another metal with a high binding affinity for eumelanin [70]. SEM images of hydrated 
eumelanin films on substrates patterned with Fe electrodes, after bias, show that micrometric 
platelets form, to a higher extent on the positive electrode. This observation is valid both for treated 
and untreated iron electrodes, interfaced both with Sepia and synthetic eumelanin films (Figures 
S3-S4 and Figure 8.5(a-b), where the typical aggregates of natural eumelanin are visible, too). 
These platelets are separated by iron-free areas, as shown by EDX (point 1 of Figure 8.5(b) is 
devoid of Fe). It is reasonable to assume that the platelets are formed of iron oxide (point 2 of 
Figure 8.5(b), at. %: 57% O, 29% Fe, 9% C, 4% Si), which proved to be stable enough not to 
provide cations to feed the growth of bridging structures, as opposed to what was observed with 
Au, Pd and Cu electrodes (Table S2). It can be inferred that Fe electrodes are of limited interest for 
fundamental studies on the electrical response of eumelanin, given their structural discontinuity 




Figure 8.5 Current vs time plots and corresponding SEM images of the interelectrode area 
obtained with Sepia Melanin films, 7% wt. Cl-, hydrated for 1 hour at 90% RH and spin coated 
on (a-b) a substrate patterned with untreated Fe electrodes, bias time of 19 hours; (c-d) on a 
substrate patterned with untreated Ni electrodes, bias time of 18 hours; points 3-6 of (b) and 1-5 
of (d) indicate aggregates of Sepia Melanin; 1 V electrical bias; images taken in secondary 
electron mode, at 5 kV. 
8.5.4 Eumelanin and Nickel Electrodes 
For Ni electrodes, both treated and untreated, interfaced with boh synthetic and Sepia Melanin, 
only partial dissolution was observed (Figure 8.5(c-d) and Figures S5-S6). This observation can be 
tentatively explained considering the good electrochemical stability of nickel oxide (e.g. widely 
employed in electrochromic windows) (equations S10-S11) [503]. We only observe local 
dissolutions (pits) at the electrodes, likely attributable to the chemical attack of the native oxide 
layer by chlorides [504]–[506] (Figure 8.5(d) and Figures S5-S6). The stability of Ni electrodes 
renders the use of such metal suitable for fundamental studies on the electrical conduction of 
eumelanin.  
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8.5.5 The Role of Chloride-containing Water Drops 
By means of fast scan AFM and optical images, we observed that, besides being absorbed within 
the film (matrix water) [124], water can also condense in micrometric drops on the films (Figures 
S7-S8). Some of these drops cover the entire interelectrode distance (10 μm) (Figure S7), stretching 
from one electrode to the other. As a consequence, the interelectrode material may consist of 
hydrated eumelanin and overlying water drops (Figure 8.2(c)). As eumelanin contains chlorides 
[488], it is reasonable to assume the diffusion of chlorides to the water drops, due to a concentration 
gradient. In order to explore the possible effect on metal dissolution of the chloride-containing 
water drops forming on the surface of eumelanin, we investigated eumelanin films included 
between metal (Au) electrodes, that, after hydration, were buried under a micrometric layer of 
hydrated chitosan, to avoid the formation of water drops on eumelanin films. No resistive switch 
took place and bridging structures did not form after the application of the electrical bias (Figure 
S9). We therefore suggest that eumelanin can promote the formation of bridging structures by 
enabling the formation of chloride-including water drops on its surface. Despite the fact that 
eumelanin binds gold ions (as verified by time-of-flight secondary ion mass spectrometry, ToF-
SIMS) [210], [488], our results suggest that chloride-containing drops play a key role in the process 
of Au dissolution (Figure S9).  
8.6 Conclusions 
We investigated phenomena at interfaces between hydrated films of the biopigment eumelanin and 
metal electrodes of Pd, Cu, Fe, Ni and Au, of interest in sustainable electronics. The stability of 
such interfaces under electrical bias is greatly affected by the presence of salts (chlorides) included 
in eumelanin, and, in general, intrinsically present in organic materials extracted from biological 
sources. Electrochemical processes can indeed take place. These processes can dramatically affect 
the interpretation of electrical measurements, overshadowing the intrinsic electrical response of 
bio-sourced materials, and the assessment of their technological potential. Our results show that 
the use of palladium electrodes at relative humidity below 90% and nickel electrodes is suitable 
for the characterization of the electrical properties of eumelanin. Iron and copper proved to be of 
limited interest, due to oxides formation and chlorides destabilization. Interestingly, preliminary 
results on copper electrodes suggest that if eumelanin is functionalized with non-binding groups 
replacing catechols (e.g. synthetic eumelanin synthetized in DMSO [310]), the dissolution 
114 
processes do not take place. Our work sheds light on complex phenomena taking place at the 
interface between metals and bio-sourced organic materials for their exploitation in sustainable 
electronics, with potential impact in a broad range of fields such as bioelectronics [195], 
electrochemical metallization memories [145] as well as bioresorbable [507] and transient 
electronics [508]. In perspective, after considering the caveats and the guidelines reported in this 
work, more conventional interfacial characterizations will have to follow, e.g. on charge carrier 
injection interfacial properties, to demonstrate reliable and high-performance sustainable devices 
based on bio-sourced materials. 
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 GENERAL DISCUSSION 
The choice of eumelanin as the central material of this thesis stems from several considerations. 
First of all, its study implies an interdisciplinary approach. Eumelanin represents an intriguing 
biopigment as it features several different facets, that, in turn, make it a subject of investigation in 
several different fields: medicine (dermatology and oncology) [12], chemistry/physics, because of 
the large range of properties with several potential applications (organic electronics, additives for 
packaging, biotechnology, water purification and so on) [509], microbiology (fungal melanins in 
soils and as a factor of virulence) [6], art preservation (fungal melanins that affect the aesthetics of 
wooden works of art) [224], and even anthropology and sociology [510], because of the impact 
that skin complexation has had on society (e.g. colonization and racism) [511]. Its study thus 
implies that all the aforementioned fields are taken into consideration. Without such an approach, 
risks of neglecting or giving for granted certain properties of eumelanin is high (e.g. regarding the 
biodegradability of eumelanin, the material scientists community had taken it for granted in the last 
years [410], neglecting the work that many microbiologists had done in the previous decades 
[221]–[223]).   
9.1  Interfaces between Eumelanin and Metal Electrodes under Bias  
The use of eumelanin in organic electronics still faces many technological challenges. The affinity 
of eumelanin for free metal cations has been largely investigated [70]: Article 5 provides an 
extensive literature review on the topic [89]. On the contrary, little attention has been given to the 
interfaces between thin films of the pigment and metal electrodes, partly due to the limited 
solubility of eumelanin in common organic solvents that has hindered for decades the fabrication 
of homogeneous eumelanin thin films [469]. The stability of such interfaces can be studied from 
two points of view: in the case of ReRAMS, as explained above, electrochemical processes at the 
interface resulting in electrode dissolution and bridging structure formation are desirable, as they 
are at the core of ReRAMS working mechanism [133]. Conversely, the absence of electrode 
dissolution under bias is paramount for the proper characterization of the intrinsic electrical 
response of eumelanin films and for the functioning of eumelanin-based devices (except 
ReRAMS). Should the metal electrode dissolution be desirable or avoided, the study of the 
interfaces between eumelanin thin films and metal electrodes under electrical bias is of key interest.    
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The findings from Wuensche et al. regarding the dissolution of Au electrodes in contact with 
hydrated eumelanin thin films under bias [210] (see paragraph “Interfaces between Eumelanin and 
Metal Electrodes”) paved the way for two investigation routes, complementary one to the other.  
From one side, the similarity between the formation of dendrites in hydrated eumelanin thin films 
included between Au electrodes and the working mechanism of ReRAMS pointed to the possibility 
of using eumelanin as a bio-sourced and environmentally benign material to be used as the ion 
conductor layer of Bio-ReRAMs. In addition, as the switching takes place in highly localized 
regions, filamentary-based systems can lead to nanoscale memory devices, thus rendering 
miniaturization easier [386]. From the other side, the instability of the metal electrode-eumelanin 
interface in the case of a supposedly inert metal, such as gold, confirmed the necessity of 
“mapping” the conditions under which the metal electrode dissolution does/does not take place, 
with different metals [210]. 
In Article 1 [488], transient electrical measurements were carried out in planar configuration on 
eumelanin thin films (Au/eumelanin/Au systems) under different experimental conditions. The 
parameters studied were the relative humidity (RH), the hydration times and the type of eumelanin 
(commercial synthetic melanin, i.e. Sigma Melanin, commercial natural melanin, i.e. Sepia 
Melanin from Sigma-Aldrich, and DMSO-melanin, a synthetic eumelanin partially lacking the 
chelating hydroxyl groups, see paragraph “Diverse Synthetic Melanins”). In the case of synthetic 
eumelanin, another parameter studied was the chloride content (low, intermediate and high, i.e. 1, 
4 and 8% wt.). Suspensions of eumelanin in DMSO were prepared and the intermediate and high 
chloride contents for synthetic eumelanin were obtained by addition of NaCl to the suspensions. 
The high chloride content is close to the chloride level found in natural Sepia Melanin. The films 
were spin coated from suspensions in DMSO on SiO2 substrates patterned with Au electrodes 
(interelectrode distance of 10 μm, electrode width of 4 mm). Planar systems allow for a detailed 
investigation of the filament growth, with the following step being the development of stacked 
(vertical) resistive switching devices [398]. Scanning electron microscopy (SEM), atomic force 
microscopy (AFM) and time of flight-secondary ion mass spectrometry (ToF-SIMS) were used to 
gain insights on the morphology and chemical composition of the dendrites that formed in the 
hydrated films after the application of the electrical bias. 
We could thus infer that, decreasing the relative humidity (from 90 to 80 and 70% RH) and keeping 
the same hydration time (1 hour), the change in resistivity occurring when the first dendrite bridges 
117 
one electrode to the other becomes less pronounced (hybrid resistive switch, ON/OFF ratio ~102). 
In this case, the dendrites have a less continuous metallic backbone and contain less gold with 
respect to the dendrites that cause the “standard resistive switch”, with ON/OFF ratio ~104-105 
[488]. Furthermore, we found out that chlorides play a crucial role in the dendrite formation, as an 
increase of the chloride amount decreases the time of Au dendrite growth. DMSO-melanin, lacking 
chelating groups, did not feature resistive switch, even with the highest chloride content, suggesting 
that the chelating groups may play an important role in the migration of the nanoaggregates.  
In Article 4 [512], the interfaces between eumelanin films and different types of metal electrodes 
were studied, namely Pd, Cu, Ni and Fe.  
Palladium (in the form of PdHx) is used for the measurements of protonic currents in organic bio-
sourced materials [108], [489], [490]. In biological systems, eumelanin chelates iron and copper 
[70]. Nickel is studied as metal contact in organic single crystal transistors [494]–[496] as well as 
for biomedical [491] and biosensing applications [492], [493]. The other parameters varied were 
the chloride content (low and high, i.e. 1 and 8% wt.) and the type of eumelanin (commercial 
synthetic eumelanin, i.e. Sigma Melanin from Sigma-Aldrich, and commercial natural eumelanin, 
i.e. Sepia Melanin from Sigma-Aldrich). Cu, Fe and Ni form a layer of native oxide on their surface 
in ambient atmosphere [497], [498]. For such metals, both untreated and treated electrodes (after 
etching of the native oxide) were tested. After preparation of eumelanin suspensions in DMSO, the 
films were spin coated on electrode-patterned SiO2 substrates and hydrated for 1 hour at 90% RH. 
Transient current measurements at 1 V were carried out and the metal electrode-eumelanin 
interface was studied by SEM. 
Palladium electrodes proved to dissolve under bias, in contact with hydrated synthetic eumelanin 
films with high (8% wt.) chloride content, forming continuous bridging structures. Such a 
continuous morphology of the Pd structures indicates a non-diffusion-limited growth [499]. If the 
chloride content is decreased from 8 to 1% wt. or the relative humidity level is reduced from 90 to 
80 or 70%, Pd electrode dissolution does not take place. In the case of Sepia Melanin (ca. 8% wt.), 
bridging structures with an intermediate morphology, between continuous and dendritic, are 
observable. A complex interplay of factors, including the binding affinity of the metal towards 
eumelanin [89], metal-Cl- (ligand) interactions [500], metal cation reduction at surface catechols 
[501], coordinating action of DMSO (the solvent used to spin coat the films) [500], may explain 
the difference in the shape of the bridging structures. 
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Copper electrodes, chemically treated to remove CuxO, dissolved in contact with synthetic 
eumelanin films (8% wt.): dendritic bridging structures formed. However, the resistive switch is 
temporary (approximately two hours), most likely due to the oxidation of the structures bridging 
one electrode to the other. Untreated copper electrodes dissolve in the same conditions, too, but the 
current increases of only one order of magnitude and immediately after the resistive switch starts 
to decrease. This may be explained with the oxidation of the bridging structures. In the case of 
untreated Cu electrodes, less bare metallic Cu is available: this feature can explain the different 
duration of the resistive switch in the two cases. If the chloride amount is reduced from 8 to 1% 
wt., no electrode dissolution takes place.  
No dissolution occurs with Sepia Melanin (7% wt. Cl-) interfaced with treated Cu electrodes. It is 
worth noting that, differently from Au and Pd, in the case of Cu electrodes the electrode-patterned 
substrates, after the chemical removal of CuxO, are not UV-ozone treated. The hygroscopicity of 
Sepia Melanin [123] as well as the absence of UV-ozone treatment of the copper substrates may 
explain the surprising absence of dissolution in such a case. Due to hygroscopicity, water, which 
plays a determinant role in the electrode dissolution, is less available for the process [488]. The 
absence of the UV-ozone treatment is expected to reduce substrate’s hydrophilicity with respect to 
ozone-treated substrates. Both factors suggest an inefficient transport of ions in aqueous or 
hydrated media: this, in turn, brings about a limited electrical continuity, necessary for metal 
dissolution, in the region included between the metal electrodes.  
In the case of both treated and untreated Fe electrodes, interfaced both with synthetic and natural 
eumelanin, after the application of the electrical bias, platelets form, to a larger extent on the 
positive electrode. EDX revealed that such platelets are composed of iron oxides and they are 
separated by iron-devoid areas. Although no bridging structure forms, the discontinuity of the iron 
electrodes after the application of the electrical bias suggests that they have to be considered as 
unstable metal contacts when interfaced with hydrated eumelanin films. 
In the case of Ni electrodes, both treated and untreated, interfaced both with synthetic and natural 
eumelanin, only partial dissolution was observed, with formation of pits. The good electrochemical 
stability of nickel oxide can tentatively explain this observation [503]. The chemical attack of the 
native oxide by chlorides can explain the local dissolution (pits) at the electrodes [504]–[506]. Ni 
electrodes can be thus considered for the electrical characterization of eumelanin films: however, 
in perspective, more conventional interfacial characterizations will have to ensue, e.g. on charge 
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carrier injection interfacial properties, in order to compare the performance of Ni electrodes with 
other electrodes that proved to be stable (Pd). 
9.2  Eumelanin as a Natural UV-absorption Enhancer of the 
Ethylene-Vinyl Acetate Copolymer (EVA)  
UV-absorbers are added to polymers to enhance their absorption in the UV range (particularly 
important for plastics for packaging applications) and to stabilize them against UV-induced 
degradation (paramount for plastics used in outdoor environments) [192], [193]. Bio-sourced 
materials have been explored as replacements of commercial artificial additives in the endeavor 
towards sustainability (e.g. green tea extracts and α-tocopherol have been studied as anti-oxidants 
in polymers [413], [414]). Eumelanin can be explored as a UV-absorber for plastics due to several 
features: it is bio-sourced and non-toxic [125]. Thanks to such features, the use of eumelanin would 
be  greener compared to many commercial additives [185]. Furthermore, as the biopigment is 
composed of protomolecules [37], leaching from the polymer matrix would be less likely to occur 
than for the case of small molecule additives [269], [415].  
It is worth noting that commercial polymers usually contain several types of additives apart from 
UV-absorbers (e.g. anti-oxidants for thermal stabilization, slip agents to reduce the coefficient of 
friction) [420]. Consequently, while the simplest scenario to assess the performance of any 
potential natural UV-absorber is surely represented by using a pure polymer matrix, an 
investigation regarding a commercial grade polymer already including other additives is closer to 
the actual practical (market) scenario. Antagonistic or synergistic effects could indeed take place 
among different additives [420]–[422]. 
In Article 2 [513], eumelanin was evaluated as an additive for the UV-absorption enhancement of 
a commercial grade of the copolymer ethylene-vinyl acetate, EVA (ELVAX®3128-1 from 
DuPontTM). This polymer is used for packaging applications [417]. Two synthetic types of 
eumelanin based on only one of the two building blocks (DHI-melanin and DHICA-melanin) as 
well as their natural counterpart (Sepia Melanin, extracted from cuttlefish ink) were tested. The 
originality of our work stemmed from the fact that eumelanin was not merely added as-polymerized 
or as-extracted nor functionalized [194]: the Melanin Free Acid (MFA) treatment was used to 
improve eumelanin dispersion in the plastic matrix. Besides the improved dispersibility, the effect 
of such a treatment is that the biopigment supramolecular structure is opened and the size of the 
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oligomers is reduced [80], [418]. Consequently, the effect of the MFA is also the shift of 
eumelanin’s absorption towards the UV [80], [419]. Indeed, the electronic delocalization is affected 
both by the π-π stacking of the supramolecular structure and the size of the oligomers [418]. An 
extended delocalization due both to an extended π-π stacking and/or a large oligomer size leads to 
a red shift of the optical absorption spectrum [80], [418].  
Eumelanin was added to the polymers by melt-compounding, and the eumelanin-including pellets 
were compression-molded in a hot press. The so-obtained films were stabilized in a cold press. 
UV-visible spectra were obtained with a spectrophotometer equipped with an integrating sphere 
and the center-mount set-up; an equivalent absorption coefficient (cm-1) was computed by 
normalizing by the thickness. Our results revealed that the three types of eumelanin (amounts of 
0.2% wt.) worked as UV-absorption enhancers of the commercial grade EVA, with an increase of 
the equivalent absorption coefficient of a factor 6-8 in the UVA and UVB ranges with respect to 
the control film. Furthermore, the presence of eumelanin caused absorption peaks at ca. 320 nm 
(attributable to collections of oligomers [419], [428] and polypyrroles resulting from eumelanin’s 
peroxidation [429], [430]) and 370 nm (attributable to collections of oligomers [419], [428]). As 
DHICA-melanin features lower visible absorption and higher absorption in the UV range with 
respect to synthetic DHI-melanin and natural Sepia Melanin, higher amounts of DHICA-melanin 
(0.6% and 0.8% wt.) were tested [77], [81]. The amount of 0.8% wt. brings about an increase of 
the equivalent absorption coefficient with respect to the control film as high as by a factor ~30 in 
the UVA. However, for all the types and concentrations of eumelanin, the absorption increase 
occurs not only in the UV range but also in the visible one, revealing the residual presence of some 
oligomers assembling via π-π stacking and/or with a size sufficiently extended to generate a high 
level of conjugation. 
Thermogravimetric analyses, both in inert and oxidizing atmosphere, revealed no interference of 
eumelanin with the anti-oxidant already present in the commercial grade EVA (butylated 
hydroxytoluene). The onset degradation temperature was computed considering the temperature at 
which the DTG reaches 0.1 %/°C, following the ASTM E 2550-07 standard. As aforementioned, 
eumelanin’s UV-absorption properties can have a double effect, either photoprotective or 
photodamaging [95], with the latter effect having being reported to prevail after prolonged 
exposure of eumelanin to UVA radiation (320 – 400 nm) [98]. Therefore, in this thesis, it was also 
evaluated if, upon prolonged UV irradiation, the photoprotective or the photodamaging role of the 
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biopigment prevails in the polymer matrix. The UV-aging test lasted 144 days, with a lamp of ~10 
W⸱m-2 in the 290 nm – 440 nm spectral range, with the samples held at 10 cm from the lamp, in air 
at 25 °C. IR spectra revealed that samples including eumelanin underwent photo-oxidation 
(presence of carbonyl groups of ketones [442]–[448], ɣ-lactone [447], [449], esters [450] and vinyl 
groups [450], [451] as well as UV-induced elimination of the vinyl acetate group [452]) to a larger 
extent with respect to the control films of commercial grade EVA. The higher extent of photo-
oxidation was also confirmed by the decrease of the onset degradation temperature that was more 
remarkable for films including eumelanin than for control films. This result can be explained 
considering that the UV-visible spectra of the films containing eumelanin, at the end of the UV-
aging test, featured a decrease of the absorption peak at ca. 370 nm, attributed to collections of 
oligomers of eumelanin [419], [428]. Eumelanin underwent UVA-induced photodegradation, that, 
as reported in the literature, is characterized not only by the formation of pyrrole-2,3,5-tricarboxylic 
acid and fission of indolequinone [441] but also by reactive oxygen species (ROS) generation [92], 
[93], [98]. As the radical scavenging properties of eumelanin were reduced by the MFA treatment 
[415], we suggest that such ROS could then contribute to the photo-oxidation process of the 
commercial grade EVA.  
The commercial benzophenone BLS®531 provided to commercial EVA one order of magnitude 
enhancement of the absorption coefficient in the UV range with a sharp absorption cut-off between 
the UV and the visible. It managed also to reduce, but not completely hinder, the photo-oxidation 
of the commercial grade EVA. However, BLS®531 belongs to a category of compounds that gave 
evidence of carcinogenic effects [457]–[459], differently from eumelanin that is edible and 
biocompatible [125]. 
9.3  Biodegradability of Eumelanin and Synthetic Materials for 
Organic Electronics 
The ubiquitous presence of electrical and electronic equipment in our everyday life has caused 
mounting pressure on the environment [128]. In particular, the two main concerns are represented 
by the depletion of chemical elements of key importance in the electronic industry (e.g. gallium 
and indium) [128] and by the increase of waste electrical and electronic equipment (WEEE, 44.6 
Mt worldwide in 2016 [460]). However, the possible EEE end-of-life scenarios have received 
122 
limited attention, with the focus being on the device performance, as the technological advances of 
the last few decades confirm [128].  
Economically and environmentally viable solutions to deal with WEEE have been identified in 
refurbishment and recycling of electronic devices, among others [461]. Apart from that, the use of 
abundant materials (e.g. biomolecules extracted from biomass feedstock), novel production 
schemes (e.g. involving non-toxic solvents) and eco-design of devices that includes biodegradation 
at the end-of-life stem as promising routes towards achieving sustainable (green) electronics [128]. 
Ideal candidates to explore such route are, in principle, organic (carbon-based) electronic materials 
[128]. It is thus evident that investigating the biodegradability of organic electronic materials is 
paramount to predict their end-of-life scenario with the lowest environmental footprint. In other 
words, a non-biodegradable material may be better suitable for end-of-life scenarios such as 
incineration or recycling rather than biodegradation in composting facilities. 
In Article 3, we investigated the aerobic biodegradability of Sepia Melanin. The extracted 
biopigment was characterized by infrared spectroscopy, thermogravimetric analysis, nuclear 
activation analysis, as well as elemental analyses of total carbon and total inorganic carbon before 
the biodegradability studies. Sepia Melanin was blended with an industrial compost obtained from 
solid municipal waste (kindly provided by Englobe Corporation) and its biodegradability was 
tested under mesophilic conditions (25 °C) and under thermophilic conditions (58 °C, composting). 
As mentioned before, two synthetic organic electronic materials were included in the 
biodegradability test in composting conditions: Cu-Pc and PPS. After the 98-day incubation period 
under composting conditions, the potential transfer of toxicity from the test materials to the 
compost was also assessed, by means of plant germination and growth tests (phytotoxicity test). 
Several abiotic and biotic factors determine biodegradation. Some of such factors depend on the 
environment (e.g. temperature, pH) and on the microbial community structure of the compost 
[187], whereas others are intrinsic to the test material (its structure and surface area, chemical 
composition, C/N ratio [187]). Extracellular enzymes mediate microbial degradation of an 
extracellular substrate. In the case of a polymer, two steps take place:  
1. the depolymerization step, featuring chain cleavage,  
2. once dimers or monomers are formed and brought inside the microorganism, the 
mineralization step, with production of CO2 [187]. 
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Our results show that the mineralization level of Sepia Melanin at 25 °C is 4% (18x lower than that 
of cellulose, positive control, 71%, in 97 days) while, under thermophilic conditions, it reaches a 
mineralization level of 37% (2.6x lower than the positive control, 100%, in 98 days).  
The main intrinsic characteristics of eumelanin affecting its biodegradation by the microbiota of 
the compost may be its molecular and supramolecular structures [37] as well as its hygroscopicity 
[123].  
Eumelanin is usually referred to as a chemically disordered material [469]: it does not consist of 
linear polymeric chains, but rather of oligomeric planes of DHI and DHICA monomers [37], that 
differ one from the other by types of units (DHI vs. DHICA), number of units, and polymerization 
sites [75]. Such oligomers organize in a complex supramolecular structure (see paragraph 
“Supramolecular structure”). Eumelanin particles in turn differ one from the other in size and 
supramolecular structure: the chemical disorder brings about structural disorder [469].  
The biodegradability of eumelanin may be hindered by its structural and chemical disorder. For 
instance, not all the oligomeric planes are exposed to the extracellular enzymes: only in the 
oligomers on the surface of eumelanin particles the monomer-monomer bonds may be attacked. In 
addition, it has been suggested that the de-stacking of the oligomers, i.e. “opening” of the 
supramolecular structure, is an indispensable step for the biopigment degradation [212]. A 
chemical disordered material implies a heterogenous substrate for the extracellular enzymes. An 
enzyme capable of attacking the monomers’ bonds of one type of oligomer may have different 
affinity towards other oligomers of eumelanin [219]. In addition to that, a non-biodegraded 
oligomeric plane will protect all the oligomers stacking beneath it from the attack of the 
extracellular enzymes. 
Once a monomer is no longer part of an oligomeric plane, after diffusion into the microorganism, 
it is metabolized: indoles are known to be microbially degraded. The indole ring is cleaved and a 
series of reactions takes place ending with the formation of fumarate and pyruvate [470]. 
Furthermore, given the hygroscopicity of eumelanin [123], we can hypothesize water diffusion 
from the wet compost (50% wt. of H2O) towards Sepia Melanin, in the bioreactors. The monomers 
that are cleaved from the extracellular substrate through the enzymatic attack are brought inside 
the microorganisms cells through water [471], so that it can be suggested that eumelanin’s 
hygroscopicity favors its biodegradation.  
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Furthermore, mesophilic and thermophilic conditions differ by the community structure (bacterial 
and fungal species [472]) as well as by the rate of microbial decomposition activity, which is higher 
under thermophilic conditions [473], [474].  
The recalcitrance of eumelanin to biodegradation in mesophilic conditions can be thus explained 
considering the kinetics of growth of the mesophilic bacteria as well as the intrinsic biodegradation-
limiting factors of eumelanin (structural and chemical disorder). The difference with respect to 
cellulose (4% vs 71%) can be understood taking into consideration that the municipal waste 
compost used was acclimated to the biodegradation of lignocellulosic biomass.  
Conversely, the final mineralization rate of eumelanin in thermophilic conditions (37%), almost 
10x higher than in mesophilic conditions (4%), can be explained suggesting a synergy between the 
faster growth kinetics of thermophilic microorganisms and more abundant melanin degrading 
enzymes. In addition, temperatures of 50 °C and above can be tolerated by the fungus that 
biodegrades eumelanin at room temperature, Aspergillus fumigatus [475].  
The final mineralization level in thermophilic conditions, 37%, is remarkable if we consider that 
the compost was acclimated to lignocellulosic biomass and that eumelanin is chemically and 
structurally heterogeneous. 
However, if projected at the upper time limit suggested by ASTM D6400 (180 days), Sepia Melanin 
would attain 58% with the 0.26 %/d rate of the second period of incubation time (Δt35-98). This 
means that it does not fulfill the threshold (90%) of biodegradability in composting conditions, 
established for plastics for food packaging and serving.  
Regarding the phytotoxicity test, both the thresholds of seedling emergence (i.e. number of sown 
seeds that germinated into plants) and plant biomass were passed by Sepia Melanin. Our results 
reveal that the biopigment is not phytotoxic. Furthermore, the products of biodegradation of 
indoles, fumarates [470], are not phytotoxic either [477]. Our results are somehow surprising 
considering  that, during melanogenesis (the biosynthetic path that brings to melanin), hydrogen 
peroxide forms, so that the precursor of melanin, L-dopa, has been reported to have phytotoxic 
effects [476]. 
The synthetic dye Cu-Pc showed no biodegradation over the 98-day incubation period. In addition 
to that, the production of CO2 of the compost blended with Cu-Pc is lower than that of plain 
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compost starting from day 50 of incubation: the partial release of the Cu ion by the molecule may 
have inhibited the microbial activity [478]. 
The metal cation Cu is at the center of a planar aromatic macrocycle in Cu-Pc (Figure 3.1). The 
plane is composed of indoles, like in the case of eumelanin; however, such indoles do not feature 
catecholic hydroxyl groups and are not directly chemically bound to each other [479]. Both the 
microbial metabolism inhibition by the released copper cations as well as the resistance of the 
nitrogen-including bonds between the indole units to enzyme-mediated scission can explain the 
absence of biodegradation of Cu-Pc [478]. Additional biodegradation-hindering factors may be 
represented by Cu-Pc insolubility in water as well as by the π-π stacking of the molecules [479]. 
Regarding the phytotoxicity test, our results show that no detrimental effects on the seedling 
emergence nor on the growth was induced by the presence of Cu-Pc in the compost (Figure 9.1). 
 
Figure 9.1 Plants growing after 19 days of incubation in (A) plain sandy soil and (B) sandy soil 
mixed with compost and Cu-Pc (compost blended with Cu-Pc had undergone the 98-day 
biodegradability in composting conditions test prior to the phytotoxicity test). 
 
The polymer PPS showed no mineralization over the 98-day incubation period. Our results suggest 
a recalcitrance of the chemical bond between a sulphur atom and a benzene ring (Figure 3.1) to the 
cleavage of extracellular enzymes in our compost under thermophilic conditions. Both the 
phytotoxicity test thresholds were not passed by PPS. As PPS hinders both the seedling emergence 
and the plant growth, our results point to a potential phytotoxicity of the polymer.
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 CONCLUSIONS AND PERSPECTIVES 
In conclusion, the different endeavors of the present thesis aimed at providing further insights for 
the exploitation of eumelanin as a bio-sourced material in the context of green electronics and more 
sustainable additives for plastic polymers. The present work confirmed the challenges related to 
working with bio-sourced, chemically and structurally disordered materials, which can contain 
salts coming from the natural environment from which they were extracted.  
The study of the interfaces between metal electrodes and hydrated eumelanin films under bias 
revealed the occurrence of electrochemical processes in certain experimental conditions, 
determined by the type of eumelanin, the chloride content, the relative humidity level and the type 
of metal. Such processes can dramatically affect the interpretation of electrical measurements, 
overshadowing the intrinsic electrical response of eumelanin, and the assessment of its 
technological potential. 
For synthetic eumelanin films with a chloride content close to natural Sepia Melanin (8% wt.), 
hydrated for 1 hour at 90% RH, dissolution of the metal contact with formation of bridging 
structures takes place in the case of Au, Pd and Cu. Gold contacts dissolved and bridging structures 
formed even if the chloride content was reduced (from 8 to 1% wt.) and if the relative humidity 
was decreased (from 90 to 80 or 70% RH). Au is thus suggested if the use of eumelanin as the ion 
conductor layer of Bio-ReRAMS, in vertical configuration, is foreseen. Iron and copper proved to 
be of limited interest, due to formation of oxides and chlorides destabilization. Our results prove 
that the use of Pd electrodes at relative humidity below 90% and nickel electrodes is suitable for 
the characterization of the electrical properties of eumelanin. All in all, the works of Article 1 and 
Article 4 prove that measuring the amount of chlorides in the biopigment is essential before the 
characterization of the electrical properties of eumelanin or its exploitation in green electronic 
devices. From the technical point of view, many improvements of the design of the experiments 
can be envisaged. A first improvement can be represented by re-sizing the electrodes geometry. As 
a matter of fact, scanning the 4 mm width of the electrodes proved to be tedious at the SEM and 
very time-consuming at the AFM. A new mask design could be conceived, with lower electrode 
width, e.g. 100 μm. Such a size can be still sufficient to discover if electrochemical processes 
happen at the eumelanin-metal electrode interface. Furthermore, it is advisable that images at the 
SEM are taken before eumelanin spin coating (and not only after the transient current 
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measurement), in order to avoid any confusion between microfabrication defects and 
electrochemical processes at the interface.  Other types of eumelanin, such as chemically controlled 
DHI-melanin, DHICA-melanin or DHI-DHICA-melanin with the same monomer ratio as natural 
Sepia Melanin can be used in alternative to commercial Sepia Melanin from Sigma-Aldrich, whose 
filmability proved to be challenging (inevitable presence of spherical particles even after the 
suspension sonication). Finally, the water amount taken up by the different types of the biopigment 
could be quantified with adsorption isotherms of the powders as well as of the spin coated films. 
We also added eumelanin to a commercial grade polymer used for packaging application, the 
ethylene-vinyl acetate copolymer, EVA, aiming at increasing the polymer absorption in the UV 
range. The target of the work was not merely adding an as-polymerized biopigment powder and 
proving a UV-absorption enhancement to a pure additive-free polymer, but rather starting to fill 
the gap with respect to the real commercial world by (i) using a commercial polymer, already 
containing additives and (ii) improving the distribution of the biopigment in the polymer matrix (in 
other words, granting a uniform color rather than black dots surrounded by eumelanin-free areas). 
The same treatment used to improve the biopigment dispersion, Melanin Free Acid, was also 
expected to reduce its absorption in the visible range. Eumelanin proved to work as a UV-
absorption enhancer for the commercial grade of EVA studied: the improvement of the equivalent 
absorption coefficient was as high as by a factor ~30 in the UVA with respect to the control film 
for an amount of eumelanin as low as 0.8% wt. (synthetic DHICA-melanin). Eumelanin did not 
interfere with the thermal stabilization provided by the commercial anti-oxidant already present in 
the commercial grade polymer (butylated hydroxytoluene). However, the Melanin Free Acid 
treatment used to improve the dispersion and reduce the absorption in the visible range proved to 
be double-edged, because the UV-aging treatment revealed that under prolonged UV irradiation 
eumelanin favors, rather than hindering, the photo-oxidation of the polymer, most likely due to 
ROS generation concomitant to reduced radical scavenging abilities of eumelanin after the 
treatment. Furthermore, the absorption increase took place not only in the UV range but also in the 
visible one. 
In perspective, the optimization of the Melanin Free Acid treatment can be envisaged with the 
target of reducing eumelanin’s peroxidation (i.e. the amount of polypyrroles generated after the 
MFA treatment [429], [430]), keeping the biopigment’s radical scavenging properties while 
reducing the absorption in the visible range. Apart from synthetic DHICA-melanin and DHI-
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melanin, DHI-DHICA melanin could be tested, with the ratio DHICA vs DHI equal to the one of 
the natural counterpart, Sepia Melanin. Different amounts of H2O2, times and temperatures of the 
MFA treatment and the use of ultra-sonication can be tested. The so-obtained different types of 
MFA-treated eumelanins can be characterized (quantification of polypyrroles amount and UV-
visible spectrum). In parallel, a UV-aging test can be carried out on films featuring the same 
additive-free base polymer and the same amount of the biopigment, but with the different types of 
MFA-treated eumelanins. This would allow to identify the MFA treatment parameters that shift 
the balance between the photoprotective and photodamaging role towards photoprotection (anti-
oxidation) of the embedding polymer matrix. An alternative to the Melanin-Free Acid approach, 
that implies reducing the oligomers size once the biopigment already polymerized [80], would be 
engineering the solid-state polymerization process. This could be obtained by controlling the O2 
concentration and relative humidity in the atmosphere during the polymerization as well as the 
polymerization time to synthesize eumelanin nanostructures of controlled size prior to their mixing 
with the polymer matrix. Another advantage would be the possibility to tailor the UV-visible 
absorption properties of eumelanin nanostructures. 
The optimization of the polymer films processing can be a further point of improvement, to have 
polymer films with uniform thickness. Using a mechanical tool to cut the polymer melt-
compounded with eumelanin could provide eumelanin-including pellets with a more regular shape. 
Keeping the same compression molding parameters, films with the same thickness can be obtained, 
so that the transmission spectra of different films can be directly compared, without the need of 
recurring to the equivalent absorption coefficient.   
Furthermore, films could be thermally quenched after compression molding, to reduce their 
scattering properties. Once the eumelanin extraction process has been scaled up, other processes 
such as extrusion and film casting or film blowing can be envisaged, too. It is worth noting that 
scattering increases absorption [514]: in the present work, it was assumed that the level of scattering 
was the same for the control film and for the eumelanin-including films, being the base polymer 
the same. Adding eumelanin to non-scattering films can allow to evaluate absorption increases 
solely due to the biopigment, without effects related to polymer matrix scattering.    
Regarding the characterization part, the UV-visible diffusive transmittance can be measured 
separately from diffusive reflectance, with the integrating sphere (set-up of Figure 4.4-B), in order 
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to elucidate more conclusively the color perceived through the plastic films, as the context is 
packaging applications.  
Regarding the FT-IR characterization, the films tested featured thicknesses in the range of hundreds 
of microns and were consequently too thick to be probed in transmission mode. A possibility to 
improve the IR characterization would be represented by obtaining films with thickness in the order 
of tens of microns, which could be studied in transmission mode. This would render the ATR 
sampling technique, that may be influenced by the sample roughness, not necessary. Furthermore, 
other relevant issues would be: (a) shedding light on the morphology at the micro and nano scale 
of the eumelanin-including films, by SEM and AFM; (b) evaluating if chemical interactions 
(covalent bonds) are formed between eumelanin and the polymer chains; (c) extracting the amount 
of eumelanin effectively present and comparing it to the added (nominal) concentration to assess 
if a fraction of eumelanin is lost during melt-compounding, compression molding or simply by 
leaching out of the polymer matrix; (d) evaluating if the addition of eumelanin affects the 
mechanical properties, by measuring the yield stress of control samples and eumelanin-including 
samples. In addition, the UV-aging test can be improved by referring to the related ASTM 
standards, such as ASTM D2565-2016 (Standard Practice for Xenon-Arc Exposure of Plastics 
Intended for Outdoor Applications).  
The biodegradability of eumelanin was tested in a compost medium under mesophilic conditions, 
at 25 °C, and under thermophilic conditions (composting, 58 °C). Shedding light on the conditions 
under which the biopigment biodegrades is paramount both in the in the field of additives for 
polymers and in the context of materials for green electronics, as biodegradability is one of its 
pillars. Natural eumelanin (Sepia Melanin) was extracted from cuttlefish ink and blended with 
compost from municipal waste. At 25 °C the biodegradation level of eumelanin after ca. 100 days 
was 4% while in composting conditions it attained 37%. The chemical disorder (oligomers 
differing one from the other by number of units, type of units DHI vs DHICA and polymerization 
site) as well as the complex supramolecular structure of the biopigment were identified as 
biodegradation-hindering factors. Conversely, the hygroscopicity of eumelanin could favor its 
biodegradation by the compost microbiota. The biodegradation level in composting conditions 
(37%), even if not attaining the threshold level for plastic compostability set by the standard ASTM 
D6400, is strikingly better than the two synthetic materials for organic electronics studied (Cu-Pc 
and PPS), which both had a biodegradation level equal to 0 after approximately 100 days of 
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incubation. This confirmed that recurring to bio-sourced materials is a viable option to eco-design 
biodegradable organic electronic materials and devices. On the other side, eumelanin’s low 
biodegradation rate at room temperature, i.e. biodegradability conditions of a natural ecosystem, 
was a further confirmation of the need of streaming organic waste to industrial composting facilities 
and provide an advice for our daily life: do not expect compostable plastics to biodegrade in few 
months if abandoned in nature, but assure that they end up in the compost bin. Furthermore, in 
order to properly evaluate the biodegradability of materials and devices for organic electronics, an 
international protocol should be established. The biodegradability project also presents various 
points of improvement and opens several investigation routes. The biodegradability in different 
types of compost (compost from garden waste or manure) can be tested. Furthermore, the 
community structure of the compost microbiota (i.e. the bacterial and fungal species present) can 
be mapped before starting the test. Identifying the bacteria or fungi that can more easily metabolize 
eumelanin can open to the possibility of inoculating specific microorganisms in the end-of-life 
environment where a eumelanin-including device is disposed, in order to facilitate its 
biodegradation. Furthermore, ASTM D6400 suggests using two plant species for the phytotoxicity 
test, whereas only one was used in Article 3 due to limited availability of compost after the 
incubation period: the next biodegradability tests in composting conditions have to be designed in 
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Table S1. Chloride concentrations for different suspensions of eumelanin in dimethyl sulfoxide 

















Referred to as 
Sigma 
 0.83±0.04 
0.8 3.2 ≈4 Intermediate chloride amount 
1.8 7.3 ≈8 High chloride amount 
DMSO-
melanin 0.10±0.01 
0.8 3.2 ≈3 Intermediate chloride amount 










Table S2. ON/OFF ratios for the standard and hybrid resistive switch. 
Resistive switch ON/OFF ratio Number of samples Minimum Maximum Average 
Standard 9·102 5·104 2·104 16 
Hybrid 2·101 7·102 3·102 5 
 
 
Figure S1. Current vs time plots for the first 5 hours of transient current measurements performed 
on (i) a thin film of Sigma eumelanin, hydrated for 1 hour at 90% RH and biased for ≈28 hours at 
1 V, wherein a resistive switch took place after 23 minutes (current compliance set at 10-4 A, 
black curve) and (ii) a thin film of Sigma eumelanin, hydrated for 1 hour at 90% RH and biased 





Figure S2. SEM image of dendrites bridging the two electrodes and of nanoclusters migrating, in 
a thin film of Sigma eumelanin, hydrated for 1 hour at 90% RH and biased at 1 V for 19 hours. 
The resistive switch took place after 28 minutes. SEM voltage = 5kV. 
 
Figure S3. Average thickness versus time to resistive switch for Sigma eumelanin thin films (1 
hour-hydration, 1 V electrical bias) that showed a standard resistive switch within the first hour 




Figure S4.  Average length of the branches of the dendrites, normalized by the length of the 
dendrite from which the branches were developing (L), versus biasing time (protruding dendrites 
shorter than 3 microns were not considered). The farther L is from 0, the more the dendrite 
growth is lateral rather than straight. As the electrical measurements were not stopped when the 
resistive switch took place, only a correlation with the biasing time, rather than with the time to 
resistive switch, could be found, as expected, as once the dendrite has produced the bridge, the 






Figure S5. Effects of the hydration time: AFM and SEM images comparing the length of the 
dendrites in two Sigma eumelanin thin films that differ for the hydration time (spin coated from 
the same suspension, hydrated at 90% RH, and biased at 1 V) (a) AFM image, 18 μm × 18 μm, 
film hydrated for 1 hour (biasing time of approximately 28 hours), (b) SEM image, film hydrated 
for 4 ½ days (biasing time of 24 hours). SEM voltage=5kV. 
 
Figure S6. SEM image of a thin film of Sigma eumelanin hydrated for 14 days at 90% RH and 




Late resistive switch for thin films with high chloride content 
For thin films with 8% wt. Cl- content, hydrated for one hour at 90% RH, in one case the resistive 
switch took place after 52 minutes of biasing at 1 V: SEM images reveal that several dendrites 
grew one next to the other in the channel (Figures S7 and S8). Consequently, the late resistive 
switch may be due to the fact that the preferential pathways for nanoclusters were very close one 
to the other, and came to competition, causing the opening of several lateral branches, thus 
promoting a lateral (rather than straight) dendrite growth. The effect was a delay of the whole 
process. This is confirmed by a study of the shape of the dendrites: the lateral extension of the 
dendrites for this sample was 9.7±2.4 μm, more than twice the average for other samples with a 
resistive switch within 7 minutes (3.5±0.5 μm). 
 
Figure S7. SEM image of dendrites bridging the two electrodes in a Sigma eumelanin thin film 
(8% wt. Cl-), hydrated for 1 hour at 90% RH and biased for 12 hours at 1 V, where the resistive 




Figure S8. SEM image of dendrites bridging the two electrodes in a eumelanin thin film, same 
sample of Fig. S7. It is worth noting that, once the dendrite reached the cove that had generated 
the material for its growth, the dendrite started receiving nanoclusters also from its sides. This is 
the reason why the thickness at its end, in the cove, appears higher (corresponding to the brighter 






Figure S9. SEM images of gold electrodes after the spin coating of a suspension of Sepia 
eumelanin in DMSO at different magnifications: (a) 40X, (b) 250X and (c) 3330 X. Several 
granules can be observed. SEM voltage=5 kV. 
 
 
Figure S10. SEM image of dendrites bridging one electrode to the other after 3 hours of electrical 
bias at 1 V in a thin film of Sepia eumelanin (7% wt. Cl-), hydrated for 1 hour at 90% RH. The 
resistive switch took place after 34 minutes. It is worth noting that dendrites grew where there 




Table S3. Summary of the occurrence of the resistive switch within certain time frames for thin 






Absence of resistive 
switch within 3 hours (% 
of samples) 
Resistive switches (%) 
within 
7 min 30 min 
63 
min 
Low (1% wt., 
intrinsic in Sigma 
eumelanin) 
4 57 0 29 43 
High (7% wt., Sepia 
eumelanin) 2 25 25 50 75 
High (8% wt., 
Sigma eumelanin) 4 11 78 78 89 
 
Figure S11. SEM image of Au electrodes in contact with a DMSO-melanin thin film, 7.4% wt. 
Cl-, hydrated for 1 hour at 90% RH and biased at 1 V for 3 hours. The positive electrode did not 
dissolve. The absence of dissolution and material migration in the channel could be observed also 
for samples biased for 12 hours, with the same hydration treatment and at the same electrical 




Figure S12. SEM image of the interelectrode area after 19h½ of biasing at 1 V after a DMSO 
drop had been confined between the electrodes. SEM voltage=10kV 
 
DMSO drops on Au electrodes at different electrical biases and chloride contents 
The results observed with the DMSO drop confined in the channel depend on the electrical bias 
and on the chloride amount: 
 
Table S4. Summary of the phenomena occurring when a DMSO drop, with and without NaCl 




DMSO drop DMSO drop 0.8mg/ml NaCl DMSO drop 1.8mg/ml NaCl 
1 
No dissolution 
of the positive 
electrode 
Growth of nanostructures Growth of nanostructures 
2.1 Fine dendrites 
Interelectrode region filled 
by the material originated 
by the massive dissolution 
of the positive electrode 
Interelectrode region filled 
by the material originated 
by the massive dissolution 




At 2.1V, when a drop of pure DMSO is confined in the channel, fine dendrites grow from the 
negative electrode after 3 hours of electrical bias (Figure S14). At 2.1V in the presence of chlorides, 
conversely, the positive electrode was severely damaged: it was massively consumed, so that a 
resistive switch was caused by the interelectrode distance filled with material originating from the 




Figure S13. SEM image of gold electrodes after 3 hour-biasing at 1 V while a DMSO drop with 




Figure S14. SEM image of gold electrodes after 3 hour-electrical biasing at 2.1 V while a DMSO 
drop was confined between the electrodes. The positive electrode dissolved and fine dendrites 
grew from the negative electrode. SEM voltage=10kV. 
 
Figure S15. Water content of Sigma (circles) and Sepia (triangles) eumelanin powders hydrated 






Hydration at 48% and 60% RH 
For synthetic eumelanin 8% wt. Cl-, at 48% RH (water content of approximately 7.6±0.7% wt.) 
[123] and 60% RH (water content of approximately 8.9±0.2% wt.) [123], the process of conductive 
bridge formation proved to be ongoing after 1 hour of electrical bias (respectively, little nanocluster 
migration in the channel -Figure S16- and dendrites protruding from the negative electrode, Figure 
S17). 
This result indicates that at RH levels up to 60%, that is, when the amount of water in the thin films 
is lower than approximately 9% wt. [123], the phenomenon takes place but at a slower pace and 
the consumption of the positive electrode is very uniform. 
 
Figure S16. AFM image, 17.5 μm x 17.5 μm of the interelectrode area of a Sigma eumelanin thin 
film (8% wt. Cl- content) hydrated for 1 hour at 48% RH and biased for 1 hour at 1 V. The 





Figure S17. SEM image of a Sigma eumelanin thin film hydrated for 1 hour at 60% RH and 
biased for 1 hour at 1 V. The dotted line represents the initial position of the positive electrode 
before biasing: in spite of the high Cl- content (8% wt.), the positive electrode is uniformly 
consumed. Image taken at 10 kV. 
Table S5. Water content of Sigma eumelanin powders hydrated for different times and at 
different Relative Humidity levels as deduced from Thermogravimetric Analyses [123]. 
Relative Humidity 
(%) Hydration time (min) 




70 60 10.3 0.1 
80 60 10.8 0.3 





Figure S18. SEM image of a dendrite bridging the two electrodes in a thin film of Sigma 
eumelanin (8% wt. Cl-), hydrated for 30 minutes at 90% RH and biased for 3 hours at 1 V. The 
hybrid resistive switch took place after 11 minutes. SEM voltage=5kV.  
 
Figure S19. Reconstructed ToF-SIMS images (I- ion) of dendrites formed between two Au 
electrodes in (a) Sigma eumelanin thin film, 8% wt. Cl-, hydrated for 1 hour at 90% RH, biased 
for 1 hour at 1 V (standard resistive switch after ≈5 minutes) (b) Sigma eumelanin thin film, 8% 
wt. Cl-, hydrated for 1 hour at 80% RH, biased for 1 hour at 1 V (hybrid resistive switch after ≈12 
minutes).  The blue lines enclose the regions from which the spectra were selected to extract the 




Table S6. Peak intensity of selected ToF-SIMS negative ions normalized to Au- intensity of the 
dendrites of Figure S19. In italic the peaks with unit mass resolution. ToF-SIMS data was 
acquired in burst alignment mode so only unit mass resolution is achieved. For this reason, ions 






Area Normalized to Au- 
intensity 
Dendrite of the 
standard RS 






38.01963 C2N- 83 113 9.01E-02 1.69E-01 
42.00102 CNO- 968 745 1.05E+00 1.11E+00 
50.02183 C3N- 1017 1493 1.10E+00 2.23E+00 
51.00242 C3NH- 94 92 1.02E-01 1.38E-01 
61.97614 C4N- 674 89 7.31E-01 1.33E-01 
66.03133 C3NO- 357 234 3.87E-01 3.51E-01 
71.95398 C6- 114 143 1.24E-01 2.14E-01 
74.0123 C5N- 503 655 5.46E-01 9.79E-01 
83.98354 C7- 162 68 1.76E-01 1.02E-01 
86.00078 C6N- 108 70 1.17E-01 1.05E-01 
86.98935 C6HN- 94 46 1.02E-01 6.88E-02 
96.98573 C4H3NO2- 388 305 4.21E-01 4.56E-01 
98.00895 C7N- 308 275 3.34E-01 4.11E-01 
120.9917 C6H3NO2- 148 155 1.61E-01 2.32E-01 
144.9473 C8H3NO2- 133 106 1.45E-01 1.59E-01 





Table S7. Normalized peak intensity of selected ToF-SIMS negative ions corresponding to MAux 
(x ≥ 2)/MAu (where M is a eumelanin-Au complex, that is CNAux, CNOAux, C3NAux, with x≥2) 
for the two samples of Figure S19. Cells highlighted in red indicate ions for which the peak 
intensity was less than 10 counts which is roughly the noise level and no peak could be seen 
(spectra from the selected regions only). 
CNAux fragments 
Ion Normalized to CNAu- intensity 
Dendrite of the standard RS  Dendrite of the hybrid RS 
CNAu- 1 1 
CNAu2- 1.17E+00 1.26E+00 
CNAu3- 4.29E-02 1.37E-01 
CNAu4- 1.47E-01 1.16E-01 
CNAu6- 3.07E-02 6.32E-02 
CNAu8- 3.07E-02 6.32E-02 
 
CNOAux fragments 
Ion Normalized to CNOAu- intensity 
Dendrite of the standard RS  Dendrite of the hybrid RS 
CNOAu- 1 1 
CNOAu2- 4.84E-01 8.53E-01 
CNOAu4- 1.25E-01 4.41E-01 
 
C3NAux fragments 
Ion Normalized to C3NAu
- intensity 
Dendrite of the standard RS  Dendrite of the hybrid RS 
C3NAu- 1 1 
C3NAu2- 4.33E-01 1.38E+00 
 
CNAuxI fragments 
Ion Normalized to CNAuI
- intensity 
Dendrite of the standard RS  Dendrite of the hybrid RS 
200 
 
CNAuI- 1 1 
CNAu3I- 7.83E-02 1.35E-01 




Normalized to C6NOAuI2– intensity 
Dendrite of the standard RS  Dendrite of the hybrid RS 
C6NOAuI2- 1 1 
C6NOAu3I2- 4.49E-01 3.54E-01 
 
C6NOAuxI fragments 
Ion Normalized to C6NOAuI
-  intensity 
Dendrite of the standard RS  Dendrite of the hybrid RS 
C6NOAu2I- 1 1 
C6NOAu4I- 6.27E-01 5.74E-01 
 
AuxI fragments 
Ion Normalized to C6NOAuI
- intensity 
Dendrite of the standard RS  Dendrite of the hybrid RS 
AuI- 1 1 
Au2I- 2.00E+00 2.90E+00 
Au3I- 1.33E-01 2.31E-01 
Au4I- 3.94E-01 3.83E-01 
Au5I- 3.19E-02 4.62E-02 









Figure S20. SEM image of the interelectrode region of a thin film of Sigma eumelanin (Cl- 8% 
wt.) biased for 12 minutes at 1 V and, immediately after, for 12 hours at -1 V. The dendrites that 
grew in the first 12 minutes (resistive switch after 6 minutes) were not erased by the inversion of 
the bias that lasted 12 hours. SEM voltage=5 kV. 
 
Figure S21. SEM image showing new dendrites starting to nucleate on the negative electrode 
after the inversion of the polarity of the applied electrical bias, same sample of Figure S20. SEM 






Figure S22. SEM image of dendrites protruding from both Au electrodes. Thin film of Sigma 
eumelanin (8% wt. Cl-), hydrated for 1 hour at 90% RH, biased for ≈21 hours, sweeping voltage 
2 mV/s. For each cycle, initial and final bias = 0 V, max bias applied |2.5| V, for 15 cycles. The 
first switch took place after ≈9 minutes at 1.13 V. SEM voltage=10kV.  
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APPENDIX B – ARTICLE 5: NATURAL MELANIN PIGMENTS AND 
THEIR INTERFACES WITH METAL IONS AND OXIDES: EMERGING 
CONCEPTS AND TECHNOLOGIES     
Article 5 is an invited Prospective Article. It has been published in MRS Communications in June 
2017 (Eduardo Di Mauro, Ri Xu, Guido Soliveri, and Clara Santato, “Natural Melanin Pigments 
and Their Interfaces with Metal Ions and Oxides: Emerging Concepts and Technologies.” MRS 































APPENDIX C – SUPPORTING INFORMATION OF ARTICLE 2 
Eumelanin for Nature-Inspired UV-Absorption Enhancement of Plastics   
Eduardo Di Mauro, Matteo Camaggi, Nils Vandooren, Caleb Bayard, Jordan De Angelis, 
Alessandro Pezzella, Bill Baloukas, Richard Silverwood, Abdellah Ajji, Christian Pellerin, Clara 
Santato 
Polym. Int., vol. 68, no. 5, pp. 984–991, May 2019. doi:10.1002/pi.5790. 
Details of the Processing 
Table S1. Processing parameters. Pellets were dried at 60 °C overnight prior to processing. A 10-
minute pre-heating at 0.29 Mpa and at the same temperature of the hot press preceded the 








Melt compounding in the batch 





(min) T (°C) 
Duration 
(min) T (°C) P (Mpa) 
Time 
(min) P (Mpa) 
50 20 135 15 115 1.58 3 0.43 
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Table S2 Optical images of pellets of the commercial ELVAX®3128-1 as received as well as 














Table S3. Optical Images of the films with the different additives at different times of UV-aging 
(day 0, 48, 96 and 144). The top left mark was drawn to clarify which of the two surfaces was 
exposed to the prolonged UV irradiation. For the thickness averages values, 5 samples were 
considered. *The compression molding parameters of the control film were adjusted to obtain a 
thicker film: no pre-heating, 115 °C for 2 minutes and cooling for 1 minute at room temperature, 





Sepia Melanin Extraction 
Sepia Melanin was extracted following established procedures [423], [424]. The cuttlefish ink 
(Seafoods Boston, Product of Spain) was bought at a local fish market. Eleven centrifugations and 
wash-suspensions were carried out on the cuttlefish ink with different solvents (hydrochloric acid, 
ethanol, ethyl acetate to remove carbohydrates, proteins and lipids, as well as deionized water). In 
particular, the commercial cuttlefish ink was vigorously shaken and added to HCl 2 M in a dark 
recipient (ratio ink/HCl= 50 g / 100 ml). The slurry was mixed by magnetic stirring for 30 minutes 
and kept for 24 hours at 10 °C. Subsequently, the solid was separated from the supernatant fluid 
by centrifugation (10000 rpm at 5 °C for 15 minutes) and then washed-suspended following the 
order: 0.5 M HCl (3 times), DI water, buffer solution (in 1 L, 95 ml monobasic sodium phosphate 
200 mM, 405 ml dibasic sodium phosphate 200 mM, 500 ml DI water), DI Water (2 times), ethanol, 
ethyl acetate, DI water. The final step entailed a 24-hour lyophilization to remove all solvents. A 
black powder was obtained. 
Melanin Free Acid Treatment 
The Melanin Free Acid (MFA) treatment was carried out following existing protocols [426]. It 
entailed adding 100 mg of the melanin particles to 164 ml NH3 0.5 M with 0.82 ml (for DHICA-
melanin and DHI-melanin) or 2.46 ml (for Sepia Melanin) of H2O2 1%. The solution was mixed 
by magnetic stirring at 300 rpm for 60 minutes (for DHICA-melanin and DHI-melanin) or 1 day 
(Sepia Melanin) until complete dissolution. The higher amount of H2O2 and the longer stirring time 
for Sepia Melanin were deemed necessary as it proved to be much less soluble in the basic solution 
than the synthetic counterparts. At this point, 8.15 mg of sodium borohydride were added, and 
water was removed by evaporation on a steam bath. The solution was then acidified with HCl 12.4 
M to reach a pH of 2 and left at 5°C for 4 days to allow the precipitation of the MFA. The precipitate 
was then isolated by centrifugation for 30 minutes at 5°C and 5000 rpm. The supernatant was 
removed, and the obtained paste left to dry under a chemical hood for 5 days. The MFA treatment 
transformed the powder into a paste. Such pastes showed light transmission decreasing with 
decreasing wavelength (Figure S1-A). With respect to films of DHI-melanin and DHICA-melanin 
(non-MFA-treated), the transmission in the UV range decreases after the MFA treatment (Figure 
S1-B). The films of DHICA-melanin and DHI-melanin were produced by dissolving the monomer 
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(DHI or DHICA) in methanol (10 mg/ml) in an oxygen free environment (nitrogen glovebox). The 
so-obtained solutions were spin coated (40 μl, 2000 rpm, 30 s) on fused silica substrates. The spin 
coated films were brought out of the nitrogen glovebox and polymerized by a solid-state 
polymerization method, following existing protocols [289]. 
 
Figure S1. Transmission spectra of (A) DHI-melanin (MFA) and DHICA-melanin (MFA) drop-
cast on fused silica and (B) of a DHI-melanin film as well as a DHICA-melanin film (Sepia 
Melanin (MFA) is reported in [430]).  
 
Equivalent absorption coefficient of the plastic films 
The absorption spectra of polymer films with different thicknesses cannot be directly compared as 
a higher thickness implies a higher absorption. Consequently, the addition of eumelanin would not 
be the only factor affecting the absorption spectra. According to Beer-Lambert’s law in the case of 
a thin non-scattering film,  𝐼𝐼 = 𝐼𝐼0𝑒𝑒−𝛼𝛼𝛼𝛼 (where I0 is the initial light intensity, α is the absorption 
coefficient and x the thickness of the material). I/I0 thus gives the resulting transmitted light 
intensity following the absorption through the material. In first approximation, neglecting losses 
due to reflection,  1 − 𝐼𝐼
𝐼𝐼0
= 1 − 𝑒𝑒−𝛼𝛼𝛼𝛼 ≈ 𝐴𝐴, where A is the fraction of absorbed light. The center-
mount technique allowed us to measure the total (specular and diffusive) reflected and transmitted 
light (R+T). Posing the total absorption of the films as A = 1 – (R + T), we can obtain the value of 







As the obtained value of α is more valid in regions where the reflectivity is low and is the result of 
an approximation, we have termed it an “equivalent absorption coefficient”. As a proof of concept 
of the hypothesis of a Beer-Lambert-like attenuation [515], α is shown to possess a linear 
dependence as a function of the concentration of DHICA-melanin (Figure S2). As a further proof 
of concept, for the control films, thicker samples were produced (approximately 0.65 mm – 1 mm) 
and their absorption coefficient compared to the control films produced with the “standard” 
processing parameters of this work (Table S1). The results were statistically equivalent (the 
averages of the thinner and thicker control films at different wavelength are the points at 
concentration 0% wt. of Figure S2). 
 







Thermogravimetric Analyses before UV-Aging 
 
Figure S3. (A) Collection of onset degradation temperatures, peak 1 and main degradation peaks, 
in inert atmosphere (argon) and air, of the control film and of films with the different additives; 
TGAs and DTGs of the control film and of the film including 0.8% wt. DHICA-melanin in argon 





Infrared Spectra of Control Film before and after UV-Aging 
The IR spectrum peaks identified for the control film before UV-aging are showed and listed in 
Figure S4: 719 and 730 cm-1 (CH2 out-of-plane rocking [516]), 1020 cm-1 (C-O ester stretching 
[517]), 1240 cm-1 (O-C=O ester stretching [517]), 1368 cm-1 (CH2 wagging in amorphous regions 
[516]), 1463 and 1472 cm-1 (CH2 bending [518]), 1740 cm-1 (ester carbonyl stretching [519]), 
2848 and 2917 cm-1 (CH2 symmetric and antisymmetric stretchings [518]). 
 
Figure S4. IR spectra of (A) pellet and control film of the commercial grade EVA before UV-
Aging ((B) is a zoom in the range 1800 cm-1 – 650 cm-1); the control film at different times of 
UV-aging (0, 48 and 144 days) in the range 1800 cm-1 – 1700 cm-1 (C) and 1230 cm-1 – 850 cm-1 
(D). The broad band around 3250 cm-1 is due to ice buildup in the MCT detector and should be 
disregarded. 
 
The small peak at 1158 cm-1, present in the film but not in the pellets, is characteristics of 
poly(tetrafluoroethylene) (PTFE): as PTFE sheets were used to avoid direct contact between the 
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metal plates and the polymer films during compression molding, such a peak can be tentatively 
attributed to a surface contamination due to PTFE [520].  
Infrared Spectra after UV-Aging of the films including eumelanin 
Table S4. Ratio between the absorbance at the wavenumber of photo-oxidation products (909 cm-
1, 1170 cm-1, 1715 cm-1 and 1780 cm-1) and the absorbance of the vinyl acetate group at 1740 cm-




Absorbance at 909 cm-1 
/ Absorbance at 1740 
cm-1 (A.U.) 
Absorbance at 1170 cm-
1 / Absorbance at 1740 
cm-1 (A.U.) 
Absorbance at 1715 cm-
1 / Absorbance at 1740 
cm-1 (A.U.) 
Absorbance at 1780 cm-


























































N.D. 2.1*10-2 8.1*10-2 N.D. 0.12 0.33 N.D. 0.19 0.59 N.D. 0.02 0.12 
BLS5®531, 
0.3% 5.1*10




Figure S5. IR spectra of the control film and of films including DHI-melanin and Sepia Melanin 
0.2% wt., after 48 days-UV-aging in the ranges: (A) 1800 cm-1 – 1650 cm-1 and (B) 1230 cm-1 – 
850 cm-1; after 144 days of UV-aging, in the ranges: (A) 1800 cm-1 – 1650 cm-1 and (B) 1230 cm-
1 – 850 cm-1. Arrows point to the most important photo-oxidation products. IR spectra of the 
control film at day 0 is reported for the sake of comparison. 
 
Figure S5 reports only the wavenumber ranges where peaks related to photo-oxidation products 
are reported. At day 0 of UV-aging the IR spectra of the control film and of films containing the 
three types of eumelanin show no substantial difference, so that only the IR spectrum of the control 





UV-Visible Absorption after UV-Aging 
Table S5. Ratio 𝛼𝛼𝐴𝐴𝐴𝐴𝑇𝑇𝐴𝐴𝑅𝑅 𝑈𝑈𝑈𝑈−𝐴𝐴𝐴𝐴𝐼𝐼𝐶𝐶𝐴𝐴 𝛼𝛼𝐵𝐵𝐴𝐴𝐴𝐴𝐶𝐶𝑅𝑅𝐴𝐴 𝑈𝑈𝑈𝑈−𝐴𝐴𝐴𝐴𝐼𝐼𝐶𝐶𝐴𝐴�  for the control film and films including 
different types and concentrations of eumelanin at different times of UV-aging.  
Film + Additive 
(% wt.) 
Ratio alpha after UV-aging/alpha at day 0 of UV-aging 
48 days 144 days 
UVC UVB UVA UVC UVB UVA 













Control 1.7 1.7 1.6 0.8 3.0 3.8 3.7 1.1 
DHICA-melanin 
0.2% 1.2 1.6 0.7 0.5 2.9 4.7 1.3 0.5 
DHICA-melanin 
0.3% 1.2 1.7 0.9 0.7 3.6 5.5 1.9 0.7 
DHICA-melanin 
0.5% 1.5 2.1 0.9 0.6 1.6 3.0 1.5 0.7 
DHICA-melanin 
0.8% 1.8 1.9 0.7 0.5 2.5 3.5 1.0 0.5 
DHI-melanin 
0.2% 1.3 1.8 0.8 0.6 1.9 5.1 2.3 0.9 
Sepia-Melanin 
0.2% 1.1 1.5 0.9 0.7 2.0 3.9 1.6 0.7 
BLS5®531, 
0.3% 0.9 0.9 0.9 0.8 0.8 0.8 0.6 0.5 
 
Table S5 shows the absorption increase of the films that took place in the UVB and UVC ranges 
following prolonged UV-radiation: such increase was due to the formation of photo-oxidation 
products of the commercial EVA matrix [453]. The reduction of the absorption in the UVA is due 
to the photo-induced oxidative degradation of eumelanin, with formation of pyrrole-2,3,5-






Thermogravimetric Analyses after UV-aging 
 
Figure S6. At different times of the UV-Aging treatment (0, 48 and 144 days): (A) collection of 
onset degradation temperatures and degradation peaks in inert atmosphere (argon) of the control 
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film and the films including the additives; (B) TGAs and DTGs of the film including DHICA-
melanin 0.8% wt., with the inset pointing out the effect of UV-aging on the onset degradation 
temperature. 
 
Figure S7. At different times of the UV-Aging treatment (0 and 144 days): (A) collection of onset 
degradation temperatures and degradation peaks in air of the control film and of the films 
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including the additives; (B) TGAs and DTGs of the film including DHICA-melanin 0.8% wt., 
with inset pointing out the effect of UV-aging on the onset temperature.  
*Two phenomena take place at the same time at the beginning of the thermo-oxidative degradation 
of photo-oxidized EVA: one entailing a mass gain (due to the uptake of O2) [434]–[436], which 
would cause a decrease of the DTG, and one entailing a mass loss (degradation of the photo-
oxidation products), which would cause an increase of the DTG. These opposite influences on the 
DTG rendered the temperature at which the DTG attains the value 0.1 %/°C not representative of 
the beginning of the degradation and, consequently, not suitable to be chosen as the onset 
degradation temperature in air after UV-aging, Ton(UV-air). Defining Δm(Ton(no-UV-air)) the 
mass loss (in %) at the onset degradation temperature of the non-UV-aged sample in air, the 
Ton(UV-air) was then computed as the temperature at which the UV-aged sample in air loses a 
mass percentage equal to Δm(Ton(no-UV-air)). 
Film including the Commercial Benzophenone 
 
Figure S8. Equivalent absorption coefficient (A) in the UV range and (B) in the UV and visible 
ranges for the control film and the film including BLS®531 0.3% wt. at different times of UV-





Figure S9. IR spectra of the control film as well as the film including the commercial 
benzophenone 0.3% wt. at different times of UV-Aging (0, 48 and 144 days): (A) range 1800 cm-
1 – 1650 cm-1 and (B) 1220 cm-1 – 850 cm-1.  
The increase of the Ton for the sample incorporating BLS®531 (Figure S7) may point to the 
occurrence of cross-linking in presence of the commercial additive. The cross-linking as a result 
of prolonged UV-irradiation has already been reported for this combination polymer – UV-
absorber [456].  
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APPENDIX D – SUPPORTING INFORMATION OF ARTICLE 3 
Biodegradation of Bio-Sourced and Synthetic Organic Electronic Materials: Towards Green 
Organic Electronics 
Eduardo Di Mauro, Denis Rho, Clara Santato 
Submitted to Nature Sustainability on December 20th, 2018. 
Extraction of Sepia Melanin 
Sepia Melanin was extracted from cuttlefish ink (Seafoods Boston, Product of Spain), bought in a 
Montréal fish market, according to a procedure that was adapted from existing protocols [423], 
[424]. Eleven centrifugations and wash-suspensions were carried out, sequentially, on the cuttlefish 
ink with different solvents: hydrochloric acid, ethanol, ethyl acetate (to remove carbohydrates, 
proteins and lipids), and deionized water (DI). In particular, first, the commercial cuttlefish ink (2 
kg) was vigorously shaken, then poured in a HCl solution (2 M) into a dark recipient (cuttlefish 
ink/acid ratio 50 g/100 ml). The slurry was mixed by magnetic stirring for 30 min and kept for 24 
h at 10°C. Subsequently, the solids were separated from the supernatant by centrifugation (10000 
rpm at 5°C for 15 min.) and then washed-suspended with: HCl solution (0.5 M) (3 x); deionized 
water; phosphate buffer (monobasic sodium phosphate (200mM, 95 ml) and dibasic sodium 
phosphate (200 mM, 405 ml) per 500 ml of DI water); DI water (2 x); ethanol; ethyl acetate; and 
DI water. Prior to each centrifugation, the suspensions were vigorously shaken (Vortex mixer). 
The last step entailed a 24-h lyophilization step to obtain a solvent-free melanin powder. A black 
powder (approximately 200 g) was obtained, and the extraction yield was approximately 10% wt.  
Ethyl acetate (99.8%) and ethanol (95%) were purchased from Sigma-Aldrich (Canada). 
Hydrochloric acid solution (12 M) was purchased from EMD Millipore (Canada). Commercial 
Sepia Melanin (SM-C) was purchased from Sigma Aldrich and used as a reference material. 
Sepia Melanin Characterization 
The extracted Sepia Melanin (SM-E) was characterized by means of infrared spectroscopy (IR), 
thermogravimetric analysis (TGA), nuclear activation analysis (NAA), as well as elemental 




Supplementary Figure 1: IR spectra of commercial Sepia Melanin (----) and extracted Sepia 
Melanin (-- --). 
The IR spectrum of the SM-E (Supplementary Figure 1) presents peaks at 3400 cm-1 (N-H 
stretching of the pyrrole ring), 2924 cm-1 (C-H stretching), 1600 cm-1 (C=C aromatic ring 
vibration/[NH2] deformation), 1370 cm-1 (indole ring vibration/CNC stretching) and a broad band 
around 1220 cm-1 (C-H in-plane deformation, C-O stretching and O-H in-plane deformation in the 
carboxylic group COOH) [521]. 
Both weakly and strongly bound water can be present in Sepia Melanin after extraction [70], [123]. 
Consequently, the dry solids (residual mass after heating the material at 105°C until constant mass 
is reached) were quantified by means of a TGA. Such measurement entailed a ramp of 10 °C/min 
until 105°C and then an isotherm at 105°C until the derivative, DTG, was lower than 0.01 %/min 
in Ar atmosphere. The test was run for 5 times for SM-E and 2 times for SM-C. The dry solids of 
SM-E represented 83.1 ± 0.3% wt. of the initial weight, differing by 1% wt. from the dry solids of 
SM-C, 81.9 ± 0.4% wt. 
Furthermore, TGA helps gaining insights into the thermal decomposition of a material. In 
particular, the minima of the DTG represent the completion of a thermogravimetric phenomenon 
and its maxima represent the maximum rate at which a thermogravimetric phenomenon takes place 
[123]. The TGAs of the two powders were carried out in inert atmosphere, ramp of 10 °C/min 
between 25°C – 500°C. The thermal decomposition of SM-E and SM-C featured the same trend 
(Supplementary Figure 2, a). The DTG has in both cases a first maximum (approximately 45°C) 
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followed by a minimum (approximately 140 °C), attributable to the maximum rate and to the end 
of the loss of weakly bound water, respectively. A step involving the decarboxylation of the 
DHICA units and opening of the supramolecular structure (Supplementary Figure 2 and 
Supplementary Table 1) [123] follows. At 500°C, the mass loss is 60% wt. in both cases. The 
hygroscopicity was studied comparing the TGAs at two relative humidity (RH) levels, 25% and 
90%. The mass loss at the first DTG minimum gives an approximate but comparable estimation of 
the difference in the amount of weekly bound water absorbed at a certain RH level [123]. SM-C 
accommodates more weakly bound water in its supramolecular structure than SM-E as it features 
a water loss 5%-6% wt. higher (Supplementary Table 1).
 
Supplementary Figure 2. a, Thermogravimetric analysis (TGA) of SM-E and SM-C without any 
hydration treatment and b after a 1-hour treatment at 90% RH, in inert atmosphere (N2 and Ar 
atmosphere, respectively). 
Supplementary Table 1.  First minimum of the derivative of the TGA (DTG), attributable to the 
end of water loss, and the amount of weakly-bound water lost for Sepia Melanin from Sigma-
Aldrich and Sepia Melanin extracted at 25% RH and 90% RH. 
Eumelanin type Relative Humidity (%) First DTG minimum (°C) 
Weight loss 




25 138 ± 7 11.6 ± 0.4 




25 169 ± 5 16.1 ± 0.3 
90 170 ± 1 22.2 ± 0.5 
233 
 
The composition of the inorganic matter was evaluated by means of nuclear activation analysis 
(NAA), to assess what are the cations and anions present after extraction (Supplementary Table 2). 
Supplementary Table 2. Analytical composition of Sepia Melanin (SM-E) by means of NAA. 
Element Value (ppm)  Element Value (ppm) 
F < 80  Fe 479 ± 90 
Na 2685 ± 108  Co 7.36 ± 0.40 
Mg 388 ± 80  Ni < 30 
Mn 6.99 ± 1.42  Cu < 30 
Cl 919 ± 70  Zn < 20 
K < 170  Ag < 7 
Ca 926 ± 201  I 5.94 ± 0.95 
Cr 15 ± 1  Au < 0.002 
 
Electrolytic Respirometers: Monitoring the O2 Consumption 
Electrolytic respirometers (designed by Young et al. [522]) were used to follow the O2 
consumption (Model BI-2000, Bioscience, Inc.) under mesophilic conditions. In this experimental 
set-up, the compost is exposed to a closed environment (1.2 L bioreactor), wherein respired CO2 is 
trapped by a KOH solution (5 ml, 50% wt.), suspended within the headspace volume. As a 
consequence, consumption of O2 inside the bioreactor causes a ΔP with respect to the external 
pressure. The cap of each bioreactor is occupied by a two-chamber electrolytic cell containing a 
H2SO4 solution (1 N). One chamber (containing the anode) is exposed to the internal pressure of 
the bioreactor. The other chamber (containing the cathode) is exposed to the external pressure. The 
ΔP causes a difference in the level of the acid in the two chambers. Such ΔP, by means of a switch 
electrode, activates the electrolytic cell. O2 is consequently produced at the anode (and provided to 
the closed environment of the bioreactor) while H2 is produced at the cathode (and vented to the 
atmosphere). From the power provided to the electrolytic cell, the moles of O2 produced can be 
computed. Further details of the working principle of the electrolytic respirometers can be found 
in reference [523]. The software BI2000 (modified ad hoc for the National Research Council 
Canada) was used to collect the data. 
Wet Scrubbers: Monitoring the CO2 Evolution 
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The CO2 evolved under thermophilic conditions was monitored using an indirect measurement 
method (Cumulative Measurement Respirometry). Three traps filled with Ba(OH)2 were put in 
series after each bioreactor. Such solutions are able to capture CO2 as the reaction (S1) takes place:  
𝐵𝐵𝐵𝐵(𝑂𝑂𝑂𝑂)2 + 𝐶𝐶𝑂𝑂2(𝑔𝑔) → 𝐵𝐵𝐵𝐵𝐶𝐶𝑂𝑂3 + 𝑂𝑂2𝑂𝑂         (S1) 
During the titration, the remaining Ba(OH)2 that has not reacted with CO2 is neutralized with HCl 
0.1 M: 
𝐵𝐵𝐵𝐵(𝑂𝑂𝑂𝑂)2 + 2𝑂𝑂𝐶𝐶𝐻𝐻 → 𝐵𝐵𝐵𝐵𝐶𝐶𝐻𝐻2 + 2𝑂𝑂2𝑂𝑂        (S2) 
From the molar ratios of equation (S2), at a certain incubation time t, it can be inferred that: 
moles 𝑜𝑜𝑜𝑜 𝐶𝐶𝑂𝑂2 𝑡𝑡𝑡𝑡𝐵𝐵𝑡𝑡𝑡𝑡𝑒𝑒𝑡𝑡 (𝑡𝑡) = moles of Ba(𝑂𝑂𝑂𝑂)2 (𝑡𝑡0) −𝑚𝑚𝑜𝑜𝐻𝐻𝑒𝑒𝑚𝑚 𝑂𝑂𝐶𝐶𝐻𝐻 (𝑡𝑡) 2⁄     (S3) 
Blank Compost Characterization 
The compost, organic fraction of municipal solid waste, was kindly provided by the company GSI 
Environnement, subsidiary of Englobe (Québec, Canada). Its characteristics satisfied the 
requirements of ASTM D5338 (sieved with a 10-mm mesh, ash content 51.4%, pH 7.3, dry solids 
46 ± 4 % wt., C/N ratio 24.3 with %C = 50% organic matter). 
The figure of merit that indicates if the respiration activity of the compost falls within the 
acceptable range (i.e. fresh compost) is represented by the specific respiration rate, i.e. CO2 evolved 
per g of volatile solids per day, mg CO2/(g volatile solids d)[339]. Consequently, the specific 
respiration rate of the compost was measured both under mesophilic (25°C) and thermophilic 
conditions (58°C) with ad hoc tests, before the main tests that involved the materials of interest.  
Under thermophilic conditions, the specific respiration rate was assessed deploying 6 bioreactors 
filled with 1 kg of blank wet compost for 11 days. The CO2 evolved was followed using wet 
scrubbers (working mechanism in “Wet Scrubbers”). The result was 10.5 ± 0.1 mg CO2/(g d), and, 
consequently, fell within the acceptable range set by ASTM D5338, i.e. 5 – 15 mg CO2 evolved 
per g volatile solids per day, in the first 10 days.  
Under mesophilic conditions, the specific respiration rate was measured deploying 7 bioreactors 
of 1.2 L filled with 100 g of blank wet compost for 7 days, resulting to be 1.4 ± 0.1 mg CO2/(g d). 
The O2 consumed was monitored by means of electrolytic respirometers. The CO2 evolved was 
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computed assuming the respiratory quotient CO2 respired / O2 consumed to be 1.0 mol/mol [338] 
(working mechanism in “Electrolytic Respirometers”). The specific respiration rate measured with 
this test, 8x lower than under thermophilic conditions, is in agreement with the difference in the 
respiration rate between the two temperature ranges already reported in the literature [524]. 
Biodegradability Test under Mesophilic Conditions 
For the biodegradability test under mesophilic conditions (25°C), bioreactors of 1.2 L volume were 
filled with 100 g of wet compost. A total of 7 bioreactors were used: two of plain compost (blank), 
two with cellulose blended with compost (positive control) and three with Sepia Melanin blended 
with compost. The weight ratio material to dry compost was 1:6, as for the biodegradability test in 
composting conditions (ASTM D5338). Electrolytic respirometers (designed by Young et al.[522], 
model BI-2000, Bioscience, Inc.) were used to follow the O2 consumption (working mechanism in 
“Electrolytic Respirometers”). The CO2 evolved was computed assuming the respiratory quotient 
CO2 respired / O2 consumed to be 1.0 mol/mol [338]. 
Biodegradability Test, in Composting Conditions (ASTM D5338 2015) 
The standards ASTM D6400 and ASTM D5338 define the terminology and the procedure to assess 
the aerobic biodegradability of a plastic material in composting conditions [339], [343]. 
Following ASTM D5338, the CO2 evolving from two duplicates and four triplicates (16 bioreactors 
in total) was monitored for 98 days. The two duplicates contained Sepia Melanin blended with 
compost and blank compost, respectively. The four triplicates contained Cu-Pc, PPS and 
microcrystalline cellulose (the positive control) blended with compost as well as polyethylene (PE, 
the negative control) buried in compost. In each bioreactor, 250 g of wet compost were present, 
and materials were added following the ASTM D5338 1:6 weight ratio material/dry compost. The 
bioreactors were kept at a constant temperature of 58°C in a chamber with controlled temperature 
(Caron Stability Chamber) and fed with air (flow of 32 ± 5 ml/min). The air passed through a water 
column to be humidified before reaching the bioreactors.  
Starting from day 47, the bioreactors were opened once a week, weighed, and the difference with 
respect to the initial weight was added as DI water to keep the dry weight below 50% wt. The DI 
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water added weekly was approximately 30 ml. Together with the water addition, the compost was 
carefully mixed by hand and the bioreactors shaken before being connected to the air line. 
The CO2 evolved was measured using an indirect measurement method (Cumulative Measurement 
Respirometry) (working mechanism in the paragraph “Wet Scrubbers”). Three Ba(OH)2 traps (1.8 
L, 0.12 M) were installed in series after each bioreactor. The air flow through the bioreactors and 
the three traps in series was checked at least once per day. Sampling was carried out by removing 
30 ml from the traps that were titrated using HCl 0.1 M with an automatic titrator (Metrohm, 
Switzerland, model 855, interfaced with a Tiamo® Software version 2.5 with a pump model 772 
to empty measured samples). The automatic titrator was equipped with a 34-sample holder. For 
each sampling, the average of two titrations was considered. Titrations were carried out also on the 
Ba(OH)2 pristine solutions (approximately 0.12 M) that filled up the Ba(OH)2 traps to measure their 
exact initial molarity, to compute the moles of Ba(𝑂𝑂𝑂𝑂)2 (𝑡𝑡 = 0) of equation (S3). 
The cumulative CO2 evolved from the blank compost and from PE buried in compost are shown 
in Supplementary Figure 3. 
 
Supplementary Figure 3 Cumulative CO2 production from the blank compost and PE buried in 
compost.  
The samples with the blank compost and PE buried in compost had statistically equivalent apparent 




Supplementary Figure 4. The different rates of cellulose mineralization over 98 days of 
incubation: Δt0-18, y = 3.87 x, R2 = 0.9556; Δt18-35,  y = 1.31 x + 41.18, R2 = 0.9024; Δt35-98,  y = 
0.19 x + 76.84, R2 = 0.6440 . 
Cellulose showed a rate of mineralization of 3.9 %/d in Δt0-18, reaching 68% mineralization, then 
1.3 %/d in Δt18-35 and finally it tended to plateau with a rate of 0.19 %/d in Δt35-98, reaching 97% 
on day 98 (Supplementary Figure 4). The final mineralization value, projected over a 6-month 
incubation period, keeping the rate of Δt35-98 (0.19 %/d), would be 100%.  
Mineralization 
The % of carbon by weight used to compute the mineralization levels (denominator of equation (2) 
of the main text) can be inferred from the molecular formula of the material, with the assumption 
that the tested materials are pure (absence of water or inorganic matter not present in the molecular 
formula). In practice, the extraction process could leave water or inorganic matter (i.e. salts) as 
residues. Water could also be absorbed in the storage environment. Consequently, we validated 
such theoretical computations experimentally. The dry solids, the ash content (inorganic matter) 
and the % of carbon by weight of the materials tested were measured. The ash content is the mass 
left after heating at 550°C in an oxidative environment and keeping such temperature until constant 
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mass was reached. It was obtained by means of TGA, entailing a ramp of 10 °C/min until 550°C 
and then an isotherm at 550°C until the DTG was lower than 0.01 %/min, in air atmosphere. The 
test was run on 4 samples for SM-E and 2 samples for the other materials.  
The % of C by weight was measured by Galbraith laboratories, TN, USA (carbon, hydrogen, and 
nitrogen determination, average of 2 tests).  The amount of inorganic carbon (carbonates) for Sepia 
Melanin was found to be negligible (< 0.75% wt.). 
For Sepia Melanin, the mass of carbon present was obtained by multiplying the measured C % wt. 
by the organic matter (i.e. the dry solids after subtraction of the ash content).  
The amounts of CO2 for a complete mineralization (CO2(total) of equation (3) of main text) of the 
materials tested, the negative control as well as the positive control in the biodegradability test 
under mesophilic conditions (25°C), test 1, and in the biodegradability test under mesophilic 
conditions (58°C), test 2, are listed in Supplementary Table 3. 



















98.9 ± 0.2 
 
100 ± 0 
 
83.1 ± 0.3 
 
94.8 ± 0.1 
Theoretical C % in 
the formula (wt.) 67 67 86 N/A 44 
Measured C % of 





64.16 ± 0.01 N/A 
 
66.1 ± 0.1 
 
43.8 ± 0.1 
Ash Content (wt. 
%) 
 
5.2 ± 0.6 16 ± 1 0 ± 0 2.1 ± 0.4 0 ± 0 
                                                 
4  The amount added was chosen taking into consideration that the dye content in the material as received 
was 90 % by weight, with the remaining 10 % being inorganic, as stated by the company Sigma-Aldrich.    
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CO2 if complete 
mineralization 
occurred, test 1 (g) 
N/D N/D N/D 19 13 
CO2 if complete 
mineralization 
occurred, test 2 (g) 
51 51 66 41 32 
 
Considering equation (2) of the main text, the standard error of mineralization, Se, was computed 









          (S4) 
Where:  
• smat is the standard deviation of the average measured mass of CO2 evolved from the 
bioreactors containing the test material blended with the compost (average CO2(material) 
of equation (2) of the main text); n1 is the number of such bioreactors,  
• stest is the standard deviation of the average measured masses of CO2 evolved from the 
bioreactors containing blank compost (average CO2 (blank compost) of equation (2) of the 
main text); n2 is the number of the bioreactors containing blank compost.  
• CO2(total) is the theoretical mass of CO2 that would evolve if all the test material were 
completely respired by the microorganisms (equation (3) of the main text). 
Phytotoxicity Test 
A natural sandy soil (0.7% clay, 2.0% organic matter, 97.6% sand, 1.6% silt, and pH 5.5–6.0) from 
Valcartier (QC, Canada) was used as a non-contaminated substratum to conduct the phytotoxicity 
test [525]. Prior to seeding the sandy soil, its water content was adjusted to 8.3% wt., which is 75% 
of its water holding capacity. The water content of the compost samples, which were recovered 
from the bioreactors at end-point (98 d) of the biodegradability test under thermophilic conditions 
(58°C), was adjusted to 40% wt. Secondly, 77 g of the wet sandy soil was mixed with 
approximately 23 g of compost + test material, that is a 3.3:1 weight ratio. Twenty (20) seeds of 
ryegrass (Lolium perenne) were sown in 15 cm wide dishes (TC dish, Sarstedt #83-3903) 
containing 100 g of wet sandy soil with compost + test material. Such TC dishes were incubated 
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in sealed plastic bags to ensure the maintenance of the soil moisture throughout the duration of the 
germination test.   
The phototoxicity test was conducted on eight samples:  
a. Six samples of compost + test material used for the biodegradability in composting 
conditions test (blank compost, compost + PE, compost + cellulose, compost + Sepia 
Melanin, compost + PPS and compost + Cu-Pc). 
b. Two samples of blank wet sandy soil for reference, of which: 
a. 100 g, for reference of this test 
b. 220 g, for comparison with previous works [526].  
The wet sandy soil sample (100 g) shows a seedling emergence of 93% with respect to the wet 
sandy soil sample (220 g) after seven days. The results from 100 g and 220 g of wet sandy soil are 
statistically equivalent, therefore the wet sandy soil sample (100 g) was taken as the reference for 
the other samples.   
The test was performed in a temperature and light controlled growth chamber (Conviron Inc., 
Winnipeg, MB, Canada). Planted seeds were incubated in total darkness for the first 2 d, then they 
were exposed to a diurnal photoperiod cycle. Such cycle implied dark for 8 h at 20°C and light for 
16 h at 25°C with a light intensity of 5,000 ± 500 lux. Luminosity level was measured weekly using 
a photometer, and the light intensity was readjusted when needed. The measurement endpoint, after 
19 d, included seedling emergence, shoot wet mass, and shoot dry mass. Shoots were cut just above 
the soil line, and fresh mass was determined immediately. Total dry mass was determined after 
drying the plants at 70°C for 24 h. 
 
Methods of Supporting Information 
Infrared spectra of the melanin samples were recorded with a resolution of 4 cm-1 using a Bruker 
Optics Vertex 70 FT-IR spectrometer equipped with a DLaTGS detector. The spectra shown in 
Supplementary Figure  were recorded in transmission by dispersing the melanin powders in KBr 
and pressing them into 7 mm pellets using a Pike Technologies Hand Press (WI, USA). The 
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spectrum of a pure KBr pellet was subtracted and a concave rubber band baseline correction (a 
single iteration) was applied. Each spectrum was normalized with respect to the highest band for 
the sake of comparison. 
TGAs were carried out by means of a TGA 2950 thermogravimetric analyser (TA Instruments, 
Inc.). The atmosphere (argon, nitrogen or air), flow of 90 cm3 min−1, as well as the thermal history 
(ramp or isotherm), are specified for each test in the SI. 
Nuclear activation analysis was performed with a SLOWPOKE nuclear reactor (Atomic Energy of 
Canada Limited) and a germanium semiconductor gamma-ray detector (Ortec, GEM55185). The 
samples were irradiated for 600 s at an average thermal neutron flux of 5 x 1011 cm-2 s-1. 
The analysis of the amount of C by weight was performed by Galbraith Labs, Inc, USA. A 
PerkinElmer 2400 Series II CHNS/O Analyzer (Governing SOP: ME-14, Analyte: Carbon, 
Hydrogen, Nitrogen, Range: > 0.5 % CHN) was used. This instrument burns sample in pure O2 at 
920 – 980°C under static conditions to produce combustion products of CO2, H2O, and NOx. The 
PE-2400 automatically separates and analyzes these products in a self-integrating, steady state 
thermal conductivity analyzer.  
The Inorganic Carbon test of Sepia Melanin extracted from cuttlefish ink was performed by 
Galbraith labs, Inc, USA, too. This method determines carbon dioxide, carbonic acid, bicarbonate 
ion, and carbonate ion. A Carbon Dioxide Coulometer Model CM 5014, Coulometrics, Inc was 
used. This method liberates CO2 from the sample through acidification with H2SO4 solution and 
heat. CO2-free nitrogen gas sweeps the evolved CO2 through a scrubber and into an absorption cell, 
which coulometrically titrates.  
242 
 
APPENDIX E – SUPPORTING INFORMATION OF ARTICLE 4 
On the Interfaces Between Organic Bio-sourced Materials and Metals for Sustainable 
Electronics: the Eumelanin Case 
Eduardo Di Mauro, Emilie Hebrard, Yasmina Boulahia, Marco Rolandi and Clara Santato 
Jpn. J. Appl. Phys., vol. 58, no. 5, p. 051014, May 2019. doi: 10.7567/1347-4065/ab1061. 
 
Table S1: Summary of the occurrence of metal electrode dissolution under bias from the 
literature and the present work. 
Do the metal dissolution and structure growth take place (90% RH)? 
Metal Synthetic eumelanin, 8% wt. Cl- Sepia Melanin, 7% wt. Cl- 
Au Yes [210] Yes [210] 
Pd Yes (no if RH < 90%) Yes (no if RH < 90%) 
Cu (treated) Yes (temp.) No 
Cu (untreated) Yes (temp.) N.D. 
Fe (treated) Platelets Platelets 
Fe (untreated) Platelets Platelets 
Ni (treated) No No 
Ni (untreated) No No 
Temp.= temporary current increase 











Table S2: Gibbs Free Energy of the oxidation reaction, ΔG° = -(-nFE0), with n being the number 
of electrons exchanged between the oxidized and reduced species, F the Faraday constant and E0 
the standard reduction potential [527], [528]. 
Oxidation Reaction ΔG° (J/mol) Equation 
Au + 2 Cl- → AuCl2- + e- 1.1.E+05 S1 
AuCl2- + 2 Cl-  → AuCl4- + 2e- 1.8.E+05 S2 
Au + 4 Cl-  → AuCl4- + 3e- 2.9.E+05 S3 
Pd + 4 Cl-  → [PdCl4]2- + 2e- 1.1.E+05 S4 
[PdCl4]2- + 2 Cl- → [PdCl6]2- + 2e- 2.5.E+05 S5 
Cu + Cl-  → CuCl + e- 1.3.E+04 S6 
2 Cu + 2 OH-  → Cu2O + H2O + 2e- -6.9.E+04 S7 
Fe + 2 OH-  → Fe(OH)2 + 2e- -1.7.E+05 S8 
2 Fe(OH)2 + 2 OH-  → Fe2O3 + 3 H2O + 2e- -1.6.E+05 S9 
Ni + 2 OH- →  Ni(OH)2 + 2e- -1.4.E+05 S10 







Eumelanin and Palladium Electrodes: effect of RH and Cl- content 
 
 
Figure S1. Current vs time plots, and related SEM images of the interelectrode area, obtained 
with: (a-b) a synthetic eumelanin thin film with 1% wt. Cl-, hydrated for 1 hour at 90% RH, spin 
coated on a substrate patterned with Pd electrodes, bias time of 3 hours; (c-d) a synthetic 
eumelanin thin film with 8% wt. Cl-, hydrated for 1 hour at 70% RH, spin coated on a substrate 
patterned with Pd electrodes, bias time of 1 hour; 1 V electrical bias; images taken in secondary 
electron mode, at 10 kV (b) and 5 kV (d).   
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Eumelanin and Copper Electrodes: effect of Cl- content and Sepia Melanin 
 
 
Figure S2. Current vs time plots, and related SEM images of the interelectrode area, of eumelanin 
films spin coated on treated Cu electrodes: (a-b) synthetic eumelanin film, 1% wt. Cl-, bias time 
of 20 hours; (c-d) Sepia Melanin film, hydrated for 1 hour at 90 %  RH, bias time of 15 hours; 1 












Iron Electrodes: synthetic eumelanin (8% wt. Cl-) with untreated and treated electrodes, 
Sepia Melanin with untreated and treated electrodes   
 
Figure S3. Optical images of eumelanin films hydrated for 1 hour at 90% RH: (a-b) synthetic 
eumelanin film, 8% wt. Cl-, spin coated on substrates patterned with Fe electrodes (untreated), 
before (a) and (b) after the electrical bias application (19 hours); (c-d) synthetic eumelanin film, 
8% wt. Cl-, spin coated on substrates patterned with Fe electrodes (treated), before (c) and (d) 
after the electrical bias application (22 hours); (e-f) Sepia Melanin film, 7%, wt. Cl-, spin coated 
on substrates patterned with Fe electrodes (untreated), before (e) and (f) after the electrical bias 
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application (18 hours); (g-h) Sepia Melanin film, 7%, wt. Cl-, spin coated on substrates patterned 
with Fe electrodes (treated), before (g) and (h) after the electrical bias application (22 hours); the 
electrical bias is 1 V; the black dotted line delimits the electrodes in figures (a-d) and the 
interelectrode area in figures (e-h). 
Iron Electrodes: untreated and treated electrodes with synthetic eumelanin (8% wt. Cl-), 
treated electrodes with Sepia Melanin   
 
Figure S4. Current vs time plots, and corresponding SEM images, obtained with: (a-b) a synthetic 
eumelanin film, 8% wt. Cl-, spin coated on substrates patterned with Fe electrodes (untreated) and 
hydrated for 1 hour at 90% RH, bias time of 19 hours; (c-d) synthetic eumelanin film, 8% wt. Cl-, 
spin coated on substrates patterned with Fe electrodes (treated) and hydrated for 1 hour at 90% 
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RH, bias time of 18 hours; (e-f) Sepia Melanin film, 7% wt. Cl-,  spin coated on substrates 
patterned with Fe electrodes (treated) and hydrated for 1 hour at 90% RH, bias time of 22 hours, 
where the dotted black line delimits the interelectrode area and point 1 corresponds to a Sepia 
Melanin aggregate that moved while the image was taken; 1 V electrical bias; images taken in 
secondary electron mode, at 5 kV.  
 
Point 1 of Figure S4(b) is devoid of Fe; it is reasonable to assume that the platelet indicated by 


















Nickel Electrodes: synthetic eumelanin (8% wt. Cl-) with untreated and treated electrodes, 
Sepia Melanin with untreated and treated electrodes 
 
Figure S5. Optical images of eumelanin films hydrated for 1 hour at 90% RH: (a-b) synthetic 
eumelanin film, 8% wt. Cl-, spin coated on substrates patterned with Ni electrodes (untreated), 
before (a) and (b) after the electrical bias application (27 hours); (c-d) synthetic eumelanin film, 
8% wt. Cl-, spin coated on substrates patterned with Ni electrodes (treated), before (c) and (d) 
after the electrical bias application (27 hours); (e-f) Sepia Melanin film, 7%, wt. Cl-, spin coated 
on substrates patterned with Ni electrodes (untreated), before (e) and (f) after the electrical bias 
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application (17 hours); (g-h) Sepia Melanin film, 7%, wt. Cl-, spin coated on substrates patterned 
with Ni electrodes (treated), before (g) and (h) after the electrical bias application (20 hours); the 


























Nickel Electrodes: treated and untreated electrodes with synthetic eumelanin (8% wt. Cl-), 
treated electrodes with Sepia Melanin  
 
Figure S6. Current vs time plots, and corresponding SEM image of the interelectrode area, 
obtained with thin film spin coated on substrates patterned with Ni electrodes and hydrated for 1 
hour at 90% RH (a, b) synthetic melanin 8% wt. Cl- , untreated Ni electrodes, bias time of 27 
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hours; (c, d) synthetic melanin 8% wt. Cl-, treated Ni electrodes, bias time of 16 hours; (e, f) 
Sepia Melanin, treated Ni electrodes, bias time of 25 hours; 1 V electrical bias. Images taken in 
secondary electron mode, at (b) 10 kV and 5 kV (d, f) 5 kV. The spheres are aggregates of Sepia 
Melanin. 
The Surface of Hydrated Eumelanin Films Spin Coated on Au electrodes 
 
Figure S7. (a) Synthetic eumelanin film spin coated on substrates patterned with Au electrodes, at 
86% RH, after 1 hour; (b) AFM 3-D image of the area delimited by the dotted rectangle of figure 
(a).    
 
Figure S8. (a) Bare SiO2 substrates patterned with Au electrodes at 82% RH, after 1 hour; (b) 
AFM image of the interelectrode distance of blank patterned Au electrodes at 80% RH.  
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After 60 minutes with RH increasing from 25% to 85%, drops of water with a diameter of up to 
tens of micrometers form on thin films of synthetic eumelanin spin coated on the patterned 
substrates (Figure S7); for the sake of comparison, bare patterned Au electrodes at the same RH 
level present drops with diameters of 2-3 orders of magnitude lower (Figure S8). The system under 
electrical bias can thus be the one schematized in Figure 2(c) of the main text. 
 
Figure S9. (a) Current vs time plot obtained with a synthetic eumelanin thin film, 8% wt. Cl- 
content, hydrated for 1 hour at 90 % RH and then buried under a drop-cast chitosan layer (10 
mg/ml in DI water, 1% acetic acid, 1 mg/ml NaCl) at 90% RH, 1 V electrical bias for 27 hours 
and (b) related SEM image of the interelectrode area taken in backscatter electron mode, at 30 
kV. The eumelanin thin film was obtained by means of 5 spin coatings on the substrate patterned 
with Au electrodes, to maximize the filling of the interelectrode distance. The sample was 
metallized (2 nm Au on the surface) prior to imaging.  
In Figure S9, chitosan was used to bury eumelanin films spin coated on a substrate patterned with 
Au electrodes, to avoid the formation of water drops on eumelanin films (but, at the same time, 
preventing the dehydration or Cl- depletion of the underlying eumelanin film). Such solution had a 
concentration of 10 mg/ml in DI water, 1% acetic acid, 1 mg/ml NaCl [145].  
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